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Global electricity production from renewable sources has grown dramatically in recent 
years. While this has fostered lower dependence on carbon-based energy generation, 
the intermittent nature of these renewable energy resources has introduced new 
technical challenges to regional electrical grids. One approach to address intermittent 
energy generation and associated inefficiencies is to introduce grid-scale electricity 
storage using redox flow batteries. Redox flow batteries provide a reasonably stable, 
long-term means to store renewable energy. Vanadium redox flow batteries (VRBs) 
have been of particular interest due to their chemical stability, long life cyclability, and 
potential for high capacity electrical storage. VRBs also have a number of research 
challenges. One key factor limiting market penetration of redox flow batteries in 
energy storage portfolios is the high capital cost associated with a comparatively low 
power density technology. To this end, current research efforts focus on improving the 
energy density of VRBs to warrant this cost in the long term. 
This work focuses on four approaches to improve the power density of VRBs: 
the use of conductive membrane coatings, the generation of electroactive hydrophilic 
surface functional groups, use of drop-in electrocatalysts via direct reduction of metal 
salts, and chemical synthesis of lead oxide particles on the VRB anode. First, it is 
 demonstrated that the rate capability of VRBs can be improved by electrospray 
deposition of a conductive carbon/binder mixture onto the surface of the ion-exchange 
membrane in a VRB. This work goes on to show dramatic rate improvements by 
hydrothermally treating graphite felt electrodes with various surface modifiers, most 
notably ammonium persulfate. Alternative approaches to improve the current density 
of a VRB involve the use of electrocatalysts on the surface of the anode. This work 
shows that the use of drop-in metal salts and the chemical synthesis of lead oxides are 
both facile routes to form catalytically-active nanoparticles on the surface of the VRB 
anode, which significantly accelerate the kinetics of otherwise sluggish anodic 
reactions in VRBs. These four methods each offer a commercially scalable and 
inexpensive pathway to increasing the capacity and power density of aqueous 
vanadium redox flow batteries. 
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INTRODUCTION 
 
The Case for Large-Scale Energy Storage 
Global electricity production from renewable sources has grown dramatically 
in recent years. With both solar and wind energy generation technologies growing at a 
rapid pace, the need to better integrate these technologies into larger electrical grids 
has become more apparent. These generation sources are, by nature, intermittent – the 
weather is only so predictable, and this can cause large differences in power 
generation day-to-day. This is an inherent barrier to entry for widespread adoption of 
these renewable technologies in place of cheaper carbon-based fuels. As societies 
begin to appreciate the need to move past the combustion of fossil fuels to power the 
modern world, it is very likely that solutions for managing this intermittency will 
become more critical.1-3 
The solution to this issue is clear: there is a growing need for the development 
of large-scale energy storage technologies. These are classified as technologies that do 
not generate electricity themselves, but can temporarily store energy generated at grid-
scale or sub-grid-scale levels. The main idea hinges on the principle that renewable 
sources should generate as much electricity as possible. This “fate” of this electricity 
is then dictated by the grid power needs at the time of generation. Should the 
renewable sources generate more power than is required at the time, electricity can be 
temporarily stored as potential energy by these large-scale storage technologies. In 
that way, when there is a deficiency of production from renewable generators, these 
sources can help to make up the difference in production by contributing to the grid at 
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the time additional power is required. Large-scale electrical storage can also help to 
buffer temporal fluctuations in power production on a daily basis, meaning that the 
overall impact of unpredictable weather could be limited via peak-shaving assistance. 
As the world population grows and a greater fraction of countries industrialize, global 
power consumption will undoubtedly increase, and the need for large-scale electricity 
storage will become more and more necessary. 
 
Redox Flow Batteries for Large-Scale Energy Storage 
 There are quite a few existing methods of large-scale energy storage that are 
currently in use around the world. These include a series of mechanical storage 
techniques: pumped hydroelectric, compressed air, and flywheel storage have all been 
used for some time. These technologies are useful largely due to their simplicity, 
reliability, and potential for storing large amounts of energy. As of 2017, the United 
States Department of Energy estimated that over 95% of large-scale electrical storage 
capacity in the United States consisted of a combination of these three mechanical 
storage technologies.1 The DOE also reported that the United States can currently only 
store about 2.3% of it’s total annual energy production capacity. Of the remaining 
~5% of energy storage capability in the United States, about 1.3% currently consists of 
electrochemical storage.1 
 Redox Flow Batteries (RFB) are one type of electrochemical storage 
technology that have garnered great interest in recent years. They have the potential to 
make substantial contributions to large-scale energy storage portfolios worldwide.2 A 
redox flow battery is a type of battery that differs from consumer-grade batteries in 
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two major ways: it is an open system, and the electrochemical energy is stored in the 
electrolyte, rather than the electrodes. A schematic of a redox flow battery is seen in 
Figure I.1. During the use of a redox flow battery, liquid electrolyte is pumped through 
two compartments (the anode on the negative side, the cathode on the positive side) 
separated by an ion-exchange membrane. This electrolyte consists of some sort of 
electroactive material (usually a metal salt) dissolved in a solvent. In aqueous redox 
flow batteries, this solvent is usually a dilute acid. A load is connected to the battery, 
and a redox reaction occurs. During charging, the catholyte is oxidized and the anolyte 
is reduced, a process that occurs from the addition of electricity to the system. Upon 
discharging, the catholyte is reduced and the anolyte is oxidized, generating electrons 
available for use, and returning the electrolyte to its ground state.  
 
 
Figure I.1. Schematic of a redox flow battery. 
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The true appeal of this technology is found in the scalability of these batteries. The 
electrochemical energy is stored in the liquid electrolyte, allowing for a theoretically 
limitless volume of electrolyte, and therefore capacity, to be stored in each cell. These 
types of batteries avoid the issues observed in scaling up conventional closed-cell 
batteries, as they do not have complex substructures with hierarchical morphologies 
that can be easily altered upon battery cycling. The main drawbacks of these 
technologies are typically due to the comparatively low energy density of these 
batteries. Much of the mass of the electrolyte is in the form of solvent, and the total 
amount of electroactive material that can be dissolved in the solvent is limited. The 
initial installation costs can also be high, as pumps, electrolytes, electrodes, and 
membranes can all add to the overall total cost. Still, the promise of these devices to 
play a role in large-scale energy storage portfolios is feasible with technological 
improvements that drive down the cost and increase the power density.  
 
Aqueous Vanadium Redox Flow Batteries 
The majority of the work contained in this thesis relates directly to improvements and 
modifications to the Aqueous All-Vanadium Redox Flow Battery (VRB) system. 
VRBs have been of particular interest due to their chemical stability, long life 
cyclability, and potential for high capacity electrical storage. Originally invented in the 
1980s, these batteries did not garner much attention until after the year 2000, when 
large-scale electrochemical storage methods began to become of greater interest to the 
scientific community. A journal search using Web of Science for the number of 
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publications containing the phrase “vanadium redox flow battery” by year is shown in 
Figure I.2, illustrating this point. 
 
Figure I.2. A plot generated by searching Web of Science for the number of articles 
containing the phrase “vanadium redox flow battery” in their title, shown by year of 
publication. 
 
VRBs operate by utilizing four oxidation states of vanadium: V(II), V(III), V(IV), and 
V(V). A vanadium salt can be dissolved into a supporting acid, in most cases sulfuric 
acid, the differences in reduction potential of the various oxidation states can be 
exploited. More specifically: 
Anolyte reaction:  
      E = -0.255V vs. SHE  
Catholyte reaction: 
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  E = 1.00V vs. SHE 
Each of these reactions generates one electron, and can be coupled to yield a nominal 
cell voltage of 1.00V – (-0.255V) = 1.255V when fully charged. One of the positive 
aspects of the VRB is that the two half-cells use what is effectively the same 
electrolyte, so the consequences of diffusion of vanadium species through the ion-
exchange membrane is only a reduction in the total capacity of the battery. This is in 
contrast to some other redox flow battery technologies, in which electrolyte crossover 
can cause the formation of insoluble precipitates and other undesirable products. 
VRBs come with a number of research challenges. One key factor limiting 
market penetration of redox flow batteries in energy storage portfolios is the high 
capital cost associated with a comparatively low energy density technology. To this 
end, current research efforts focus on improving the energy density of VRBs to 
warrant this cost in the long term.4,5 
Membranes for Aqueous Vanadium Redox Flow Batteries 
One main contributor to the total overall cost of VRBs is the cost of the ion-
exchange membrane necessary for separating the anolyte and catholyte. The type of 
membrane most widely used in existing VRBs is typically some sort of perfluorinated 
sulfonated membrane. Nafion membranes are most commonly reported on in 
literature. While Nafion membranes have a high proton conductivity, and generally 
work well for this application, they add a significant fraction of the overall cost of a 
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VRB setup. Some work has been conducted to synthesize new types of membranes, in 
addition to modifying Nafion membranes to improve their performance in VRBs. 
Electrodes for Aqueous Vanadium Redox Flow Batteries 
 In order for VRBs to be considered viable platforms for large-scale energy 
storage, the power density deficiencies must be addressed. Power density can be 
thought of as the product of current density multiplied by cell voltage. The voltage of 
a VRB system is fixed by the chemistry of the system, and thus the current density 
must be increased to increase power density. Current density is measured by the total 
current input to or output from the battery, scaled by the surface area of the membrane 
in the battery. This gives a scaled estimate for what currents can be reached in the 
battery in any given membrane or electrode configuration. Most VRBs use some sort 
of porous, high surface area conductive material as and electrode to provide many 
reaction surface sites for the vanadium redox reaction to occur. This is often in the 
form of a carbon or graphite felt. In many cases, this felt will be pre-treated with some 
sort of heat-treatment to increase the surface area and improve the wettability via 
oxidation. The surface hydrophilicity of the surface is important, as this likely plays a 
role in the redox reaction mechanism. 
 This thesis explores a variety of methods aimed at improving the power 
density in aqueous vanadium redox flow batteries. This is demonstrated through a 
series of conductive membrane coatings, graphite felt surface modifications, metal 
catalysts, and metal oxide catalysts. Each approach uses a different strategy to work 
towards the overall goal of improving the power density of VRBs. Some preliminary 
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work is then discussed on metal-free aqueous organic redox flow batteries and some of 
the potential opportunities in membrane development for these systems. 
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CHAPTER 1 
 
CONDUCTIVE MEMBRANE COATINGS FOR HIGH RATE VANADIUM 
REDOX FLOW BATTERIES 
 
1.1. Introduction 
 
Global electricity production from renewable sources has grown dramatically in recent 
years.1,2 While this new production ultimately drives energy generation portfolios 
towards a lower dependence on carbon-based electricity, the intermittent nature of 
renewable forms of electricity generation have proven difficult to incorporate into 
regional electrical grids. Grid-scale electricity storage methods are a promising 
solution to the inefficiencies associated with unpredictable electricity generation. 
Redox flow batteries have demonstrated the ability to be used as a reasonably low-
cost, long-term electrical storage method. Specifically, vanadium redox flow batteries 
have been of special interest due to their chemical stability, long life cyclability, and 
potential for high electrical capacity.3-5  
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Abstract Image: Scheme of conductive coating process. 
VRBs take advantage of the four adjacent oxidation states of vanadium for the transfer 
of electrons via a redox reaction. The positive half-cell contains VO2+, which can be 
oxidized to VO2+ during charging; the negative half-cell contains V3+ which can be 
reduced to V2+ during charging. The vanadium salts are typically dissolved in sulfuric 
acid. Accompanying these advantages are some research challenges. There have been 
a number of efforts to improve the electrical conductivity of VRBs by physically or 
chemically altering the electrodes of the cell. Most VRBs use a carbon or graphite felt 
as porous cathodes and anodes – the large surface area from the felt is used to increase 
the number of reaction sites at which the redox reaction can occur. Many 
modifications to the electrodes have been investigated, including using various highly 
conductive carbons6-16, metal catalysts17-19, and doping the carbon felt with hydrophilic 
surface groups20-23. Some work on casting membranes with conductive carbons 
incorporated into the bulk of the membrane has also been explored, typically focusing 
on graphene oxide or graphite as the carbon source.24-28 Substantial work has focused 
on selection and pretreatment methods for the Nafion family of membranes in 
VRBs.29-32 To our knowledge, little work has been conducted investigating the 
application of conductive carbons to the surface of premade membranes themselves. 
While other membrane modification techniques involve poorly scalable casting or 
pretreatment techniques, our goal was to create a fast and inexpensive process to 
improve VRB performance. To this end, a new approach to improve the rate capability 
of VRBs involves increasing the electrical conductivity of the membrane itself using 
the electrospray deposition of conductive carbon mixed with a binder directly onto the 
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membrane. In this method, a very small amount of highly conductive carbon can be 
deposited directly onto the surface of the cation exchange membrane, thereby 
increasing the electrical conductivity near the surface of the membrane without 
impeding proton transport through the membrane. This technique was investigated for 
use as both a stand-alone pretreatment of VRB membranes and as a complementary 
feature to existing electrode modifications. 
1.2. Experimental Section 
 
1.2.1 Preparation of the Conductive Ink. The conductive ink consisted of three 
primary components – Multi-walled CNTs (Sigma), 20 wt% Nafion Dispersion (Ion 
Power, Newcastle, DE), and DI water. The CNTs add a highly conductive component 
to the spray, which improves the electrical conductivity across the surface of the 
membrane. The Nafion dispersion acted as a binder for the CNTs and the Nafion 117 
membrane (Ion Power, Newcastle, DE) and was also a good surfactant when mixing 
the CNTs in water. The ink composition was important to both improve the rate 
capability of the battery and to allow for good processability when electrospraying. An 
ideal spray condition is realized when the conductive ink is able to be electrosprayed 
in a well-dispersed manner, while hitting the membrane without complete solvent 
evaporation. This allows time for the remaining solvent to evaporate while the Nafion 
dispersion has a chance to relax and form a thin film. It was found that ink 
compositions with high water content would result in the spray collecting as a dry 
powder, which could be easily removed with abrasion. Some ink compositions with 
too much Nafion dispersion added would result in the spray not drying fast enough on 
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the membrane, causing uneven distribution and dripping of the carbon ink down the 
substrate membrane. It was found that a carbon ink composition of 0.5wt% CNTs, 
15.0 wt% Nafion dispersion (20wt% polymer), and 84.5wt% DI water created a 
carbon ink with both good processability and performance. The coating after spraying 
was assumed to have no residual water, leading to a coating composition of about 14 
wt% CNTs and 86 wt% Nafion polymer.  
 
1.2.2 Processing Conditions. The carbon ink was ultrasonicated for 1 hr before use. 
The solution was placed in a 5mL syringe and sprayed through a homemade coaxial 
needle (tube gauge of 10, shell gauge of 17) using a syringe pump (Harvard 
Apparatus). Dry air was applied through the shell of the coaxial needle at 10 psig. The 
use of air-controlled electrospraying helped increase the rate of spraying, as has been 
demonstrated elsewhere (see Figure 1.1). 
 
Figure 1.1 Schematic of air-controlled electrospraying process for creating conductive 
coatings. 
The Nafion 117 membrane (dry) was placed on a grounded copper current collector at 
a distance of 18 cm from the tip of the needle. A positive lead was attached to the 
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needle, and the voltage was set to 18 kV. It was found that a flow rate of 0.05 mL/min 
was appropriate to balance deposition and solvent evaporation rates. The membranes 
seem to perform best when they were not completely covered by the carbon spray, so 
a copper mesh was used as a mask during spraying. The mesh had a series of 1 mm 
square holes, which allowed spray through to hit the Nafion 117 membrane. Spray that 
did not go through the holes was stopped by the mask, creating a uniformly patterned 
series of domains with and without the carbon ink spray. Both sides of each membrane 
were sprayed in every case. Spray loadings of 0.015 mg CNT/cm2, 0.035 mg 
CNT/cm2, and 0.070 mg CNT/cm2 per side were tested. 
 
1.2.3 Electrochemical Measurements. The spray-coated membranes were tested 
using in-situ Electrical Impedance Spectroscopy (EIS) testing, in order to measure the 
changes in resistance in the cell with the inclusion of the conductive membrane 
coating. An electrolyte consisting of 4M H2SO4 and 1M VOSO4 was used for all 
testing. An AC voltage of 1mV amplitude was used over a frequency range of 104 Hz 
to 10-3 Hz to generate Nyquist plots of the pristine and coated membranes. Cyclic 
voltammetry (CV) was performed at rates of 20 mV/s, 50 mV/s, and 100 mV/s in a 
three-electrode glass cell, using the above-mentioned electrolyte. The reference 
electrode used was Ag/AgCl and the counter electrode used was a platinum wire. A 
3.0 mm diameter circle of polished Glassy Carbon Electrode (GCE) was coated with 
both the conductive coating and the Nafion dispersion alone, to observe the difference 
in electrochemical activity at the membrane. A potential range between -0.85 V and 
1.5 V was explored. Four-point probe surface conductivity tests were also used to 
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determine changes in surface electrical resistance with and without membrane 
coatings, and with and without the use of a mesh mask. 
 
1.2.4 Diffusion Tests. A 2-chamber side-by-side diffusion cell (Permegear) was used 
to measure the diffusivity of both vanadium ions and hydrogen ions across the Nafion 
117 membrane. Vanadium diffusion rates were measured by placing 3.4 mL of the 1M 
VOSO4 in 4M H2SO4 in the donor chamber of the diffusion cell, and 3.4 mL of 1M 
MgSO4 in 4M H2SO4 in the receptor chamber of the cell. The MgSO4 was added to 
balance the contribution of osmotic pressure from the added vanadium salt that could 
impact the perceived diffusion rate. 200 μL samples of the receptor chamber were 
taken at periodic time intervals as the V(IV) ions diffused across the membrane, and 
were replaced with fresh receptor solution. These samples were analyzed using UV-
Visible Spectroscopy to determine the increase in concentration of V(IV) over time. 
 
1.2.5 Single-Cell Testing. Membrane coatings were assessed using single-cell testing 
in an in-house flow cell system. Included in the system were two glass chambers for 
electrolyte storage, from which electrolyte was pumped through ¼” I.D. tubing to and 
from the flow cell (Tygon 2375 Ultra tubing, Watson-Marlow 323E Pump). Each side 
of the cell consisted of symmetric acrylic end plates with push-to-connect tube 
fittings, a graphite current collector, a Viton gasket, a polypropylene flow frame, and 
an HDPE gasket. These parts were separated by a Nafion 117 membrane, with or 
without a coating. The total exposed area of the membrane and graphite current 
collector was a 7 cm by 5 cm rectangle, totaling 35 cm2. Each side of the cell had a 2 
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mm space between the membrane and current collector, in which a piece of 3 mm 
thick porous graphite felt (PAN-based, AVCarb) was compressed for good electrical 
contact. The felt was used as received, and was not pre-treated in any way. The 
electrolyte used in all tests was 1M VOSO4 (Alfa Aesar) in 4M H2SO4. This was 
prepared by first dissolving the appropriate mass of VOSO4 into 4M H2SO4. This 
solution, containing V(IV), was then electrochemically oxidized while being pumped 
through the flow cell. This was accomplished by using a constant current charge of 15 
mA/cm2 and an upper cutoff voltage of 1.7 V. This cycle was repeated 5 times to 
ensure maximum conversion to V(V) in the cathode and V(III) in the anode. The V(V) 
was then removed from the system and replaced with more of the original V(IV) 
solution, and the process was repeated. This generated more V(V) at the cathode and 
V(II) at the anode. The single-cell tests were then run using these freshly generated 
electrolyte solutions. The electrolyte volume used was 25 mL for the catholyte and 
anolyte, with a flow rate of 30 mL/min. Current densities between 30 mA/cm2 and 50 
mA/cm2 were explored. All single-cell cycling testing was carried out using a battery 
analyzer (3A/5V, MTI). Cycling involved charging and discharging repeatedly at a 
specified constant current density. The upper cutoff voltage was set at 1.7 V, the lower 
cutoff voltage was set at 0.8 V. Cycling tests were assessed by coulombic efficiency, 
voltaic efficiency, energy efficiency, and capacity retention.  
 
1.3. Results and Discussion 
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The coated membranes and the coating itself were thoroughly analyzed to 
investigate the impact of the coating on electrochemical activity and overall 
performance of the battery.  
 
1.3.1. Optical Analysis.  
SEM was used to analyze the surface of the membrane (1.2). The thickness and 
homogeneity of the coating were considered as important aspects regarding the 
reproducibility of membrane coatings using these methods. Both surface and cross-
section imaging was conducted. It was found that the carbon coatings were typically 
between 3 and 5 microns in thickness. The coatings seemed to form discrete regions of 
CNT aggregates, connected together with the Nafion dispersion binder. These regions 
are likely formed due to the rapid evaporation of small amounts of residual water left 
in the ink after it hits the surface of the membrane. The coatings showed that the CNTs 
were predominantly encapsulated in droplets of Nafion dispersion, providing 
anchoring sites that proved to be resistant to delamination or degradation during 
cycling. 
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Figure 1.2. SEM images of Nafion 117 membrane coated with conductive ink. A: flat, 
showing uncoated domain from use of copper mesh; B: flat, showing discrete domains 
of conductive coating; C: cross-section with coating partially removed on left side; D: 
Photo of coated membrane with use of mesh. 
 
1.3.2. Electrochemical Measurements.  
Cyclic Voltammetry 
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Three-probe cyclic voltammetry tests were conducted at different scan rates to 
measure the impact of the conductive ink on the electrochemical activity of the 
vanadium redox reaction in the catholyte. The conductive ink was used to coat a 
glassy carbon electrode, and was compared to a glassy carbon electrode coated with 
only the Nafion dispersion. This test was run to compare the electrochemical activity 
of the coated Nafion membrane and the pristine Nafion membrane. The standard 
reduction potential of the oxidation of VO2+ to VO2+ (cathodic reaction) is about 1.00 
V, while the standard reduction potential of the reduction of V3+ to V2+ (anodic 
reaction) is about -0.26 V, compared to the Standard Hydrogen Electrode. These two 
coatings were tested over a series of potential scan rates, ranging from 20 mV/s to 100 
mV/s (see Figures 1.3a and 1.3b). It was found that when compared to the Nafion 
dispersion coating, the conductive ink peak current increased during both the cathodic 
and anodic reactions. This larger induced current is indicative of greater 
electrochemical activity of both relevant vanadium redox reactions in the on the 
surface of the electrodes. It should also be noted that no anodic peak was observed at 
both high and low scan rates with the Nafion coating. This shows that the kinetics of 
the anodic reaction are slow compared to the cathodic reaction, as is consistent with 
other literature. A small peak appears for the anodic reaction in the case of the 
conductive ink, showing that the addition of CNTs helps facilitate the anodic reaction. 
When current density is increased, the overpotential (peak voltage difference from 
standard reduction potential) will typically increase accordingly. When comparing a 
lower scan rate (20 mV/s) to a higher scan rate (100 mV/s), the observed increase in 
overpotential for the electrode coated with conductive ink is much lower than the 
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electrode coated with Nafion dispersion. This indicates the ability of the CNT-based 
conductive ink to allow for a highly efficient redox reaction, even at higher current 
densities. 
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Figure 1.3. CV Curves of Nafion and CNT+Nafion coated glassy carbon electrode at 
a) 20 mV/s scan rate and b) 100 mV/s scan rate. 
 
Electrical Impedance Spectroscopy 
EIS testing was also conducted on the in-situ cell, probing the resistance of the 
membranes with different coating thicknesses, with and without the use of a mesh 
mask. This test was used primarily to test if the proton conductivity through the 
membrane was impacted with the use of the coating. It was found that the proton 
conductivity, and hence resistance contribution from the membrane, was nearly 
unchanged with the addition of the conductive ink. There was a very low ohmic 
resistance, on the order of 0.1 Ohms, as shown at the high frequency intercept of the 
real axis in the Nyquist plots (Figure 1.4). When the conductive ink coating was 
applied to the Nafion membrane, the charge transfer resistance did not change 
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noticeably. The charge transfer resistance was difficult to estimate precisely in the 
both and coated and pristine cases, as the system was difficult to keep at steady state in 
the slower, low frequency regime of the test. It is likely the charge transfer resistance 
was effectively the same in both cases due to the fact that the majority of the battery 
setup (electrodes and electrolyte) was unchanged during these tests. Thus, any 
improvement in performance in the battery can likely be attributed to the formation of 
a highly electrically conductive network (CNTs) with tethered reaction sites (end 
groups of CNTs) focused the interface between the membrane and the felt electrodes. 
The key message from these data is that despite the addition of a layer of conductive 
ink to the surface of the membrane, the observed resistance to proton transport through 
the membrane was largely unhindered.  
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Figure 1.4. In-situ EIS data comparing the pristine Nafion membrane to a Nafion 
membrane coated with 0.10 mL of conductive ink. The bottom plot is a closer look at 
the high-frequency intercept shown in the top plot. 
 
Surface Resistivity Measurements 
Four-probe surface resistivity measurements of each membrane were also conducted 
to test the resistance to electron transport across the surface of the membrane with 
different coating masses. The surface resistivity of each membrane was measured and 
is shown in Figure 1.5. The addition of conductive ink at a deposition mass of ~ 0.01 
mg CNT/cm2 caused the electrical surface resistivity to decrease by about half, when 
compared to the pristine Nafion membrane. The surface resistivity decreased further 
when larger masses of conductive ink were added. Membranes coated without the 
mesh mask showed a slightly lower resistivity than those coated with the mask. This 
was expected, as there was a larger mass of conductive carbons reaching the 
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membrane in a continuous film, as compared to the discontinuous masked membrane. 
The main results from these tests show that there is a noticeable improvement in 
electrical conductivity across the surface of the membrane with the addition of the 
coating, and a greater mass of coating leads to lower electrical resistance across the 
surface. This is relevant to the vanadium battery performance, as electrons can be 
effectively transferred to the current collector when the vanadium redox reactions 
occur, especially closer to the interface of the membrane and the felt electrode. Ideally 
the surface of the membrane would have a very low electrical resistance, but this must 
be balanced with diffusive restrictions of protons imposed by the addition of the 
coating. 
 
Figure 1.5. Surface resistivity measurements for differing amounts of added CNTs, 
with and without the use of a mesh mask. 
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1.3.3 Diffusion Testing. Membranes coated with varying amounts of conductive ink 
were assessed for ionic permeability using diffusion testing. These tests used the 
diffusion of vanadium (IV) ions through the membrane as an analogue for proton 
diffusion through the membrane, as proton diffusion proved difficult to measure 
accurately due to the protonated nature of the Nafion membrane. Figure 1.6 shows the 
change in measured vanadium ion concentration in the receptor chamber of the 
diffusion cell as a function of time. There was very little observed difference in the 
vanadium ion concentration between differently coated membranes. The vanadium ion 
concentration may have been somewhat reduced in the “0.035 mg CNT/cm2, no mesh” 
case as compared to the “0.035 mg CNT/cm2, mesh” case. This would support the 
thought that the regions of no coating created when using the mesh mask allow for a 
combination of reasonably fast ion transport through the membrane coupled with low 
electrical resistance. Very little vanadium ion restriction was observed when 
comparing either of the “0.015 mg CNT/cm2, mesh” or “0.035 mg CNT/cm2, mesh” 
cases to the pristine membrane case. 
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Figure 1.6. Vanadium diffusion across Nafion 117 membranes with varying amounts 
of conductive ink coating. Diffusion cell setup shown in inset. 
 
1.3.4. Single-Cell Tests. Each membrane was assessed using a single-cell vanadium 
flow system. This cycling test shows the true utility of any alteration to the VRB – the 
discharge capacity and efficiencies must be maintained over a large number of cycles, 
or the battery will face issues regarding potential longevity. Each test consisted of 100 
cycles in the voltage window of 0.8 V to 1.7 V. Charge and discharge capacities were 
monitored over the cycling period. Membranes were tested with varying masses of 
conductive ink sprayed on them, in order to assess the impact of membrane thickness, 
mass of CNTs, and ink surface coverage on VRB performance. First, the system was 
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tested with the pristine Nafion 117 membrane. It was found that the membrane 
showed good capacity retention and cyclability at lower current densities, around 30 
mA/cm2 and lower. This changed dramatically, however, when current densities were 
increased. As charge and discharge current densities were increased to between 40 
mA/cm2 and 50 mA/cm2, discharge capacities dropped precipitously (see Figure 1.7). 
 
Figure 1.7. Comparison of cycling results using coated and pristine Nafion 117 
membranes at different current densities. All coated membranes were electrosprayed 
with 0.070 mg CNT/cm2 of conductive ink. 
 
 This is attributed to the inability of the vanadium redox reaction to occur quickly 
enough – limited by slow kinetics of the redox reaction from too few reaction sites or 
high bulk resistance in the cell. Previous work has theorized that the availability of 
hydroxyl groups attached to highly electrically conductive material on the electrode 
can improve the reaction rate of the redox couple, based on reaction mechanisms 
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proposed in literature.6 This is also likely the case in this system. Membranes sprayed 
with the conductive ink were tested at the same current densities for the same number 
of cycles. Initial tests utilized membranes sprayed with 2.5 mL of the conductive ink 
on each side of the Nafion 117 membrane. The conductive ink contained 0.13 mg 
CNT/mL solution. It was found that this led to poor performance of the VRB over 
time, as the capacity was not retained after many cycles. The capacity retention was 
diminished at a current density of 30 mA/cm2 when compared to the pristine Nafion 
case. It was theorized the thickness and relative hydrophobicity of this coating was 
negatively impacting the ability of protons to transport easily through the membrane, 
rapidly increasing cell polarization, and diminishing VRB capacity before the 
specified cutoff voltage was reached. To address this issue, a two-fold strategy was 
employed. First, the volume of ink sprayed was reduced to 0.50 mL per side in order 
to reduce the total overall thickness of the coating. A copper mesh mask, with a grid of 
1 mm square holes, was also placed over the membrane during the coating process, in 
an effort to generate ordered domains of coated and uncoated regions on the surface of 
the membrane. This was to allow some discrete domains to remain pristine and 
uncoated, while coating adjacent domains with the conductive ink. The goal was to 
permit high proton transport, while improving the electrical conductivity between the 
membrane and the graphite felt. The results of these changes yielded improvements in 
the capacity retention during cycling, especially at higher current densities (see Figure 
1.7). After this improvement, all tests on coated membranes were conducted at the 
higher rate of 50 mA/cm2. The volume sprayed was further reduced to approach a 
lower limit for improvements when reducing CNT loading. Loadings of 0.070 mg 
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CNT/cm2, 0.035 mg CNT/cm2, and 0.015 mg CNT/cm2 were tested at 50 mA/cm2 in 
order to see their effect on capacity retention and battery performance  (see Figure 
1.8).  
 
Figure 1.8. Comparison of cycling results (50 mA/cm2) for different conductive ink 
coating volumes sprayed onto Nafion 117 membranes and graphite felt. 
 
As the spray volumes were reduced, a lower volume of coating seemed to yield an 
improvement in initial discharge capacity and capacity retention during cycling. The 
improvement between loadings of 0.035 mg/cm2 and 0.015 mg/cm2 was less 
pronounced than with larger spray loadings, but still worth noting. This seemed to 
indicate that there is an important balance between the mass and topology of the 
coating necessary to improve the overall capacity retention and VRB performance. As 
the thickness of coating is reduced, proton transport through the membrane likely 
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approaches rates closer to that in the pristine case (as was demonstrated in diffusion 
testing), while contributing a highly electrically conductive bridge between the 
membrane and graphite felt. Single cell tests were conducted wherein the same 
conductive coating was electrosprayed onto the graphite felt, instead of the membrane 
surface. This coated felt was paired with a pristine Nafion membrane and tested in the 
VRB in order to see the impact of electrospraying the conductive ink onto the 
membrane itself. It was found that even when a loading of 0.15 mg CNT/cm2 of 
conductive ink was sprayed onto each piece of graphite felt (ten times the volume that 
was sprayed onto the best-performing membrane), the VRB single cell tests 
underperformed those using only 0.015 mg CNT/cm2 of conductive ink sprayed 
directly onto the membrane. The coulombic and voltaic efficiencies from each of these 
tests are shown in Figure 1.9. 
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Figure 1.9. Comparison of coulombic and voltaic efficiencies for different conductive 
ink coating volumes sprayed onto Nafion 117 membranes and graphite felt. 
 
 The trends seen in Figure 1.8 are further illustrated here, as each of the tests has a 
similar coulombic efficiency and differing voltaic efficiencies. The coatings with the 
highest voltaic efficiencies also tended to have the best capacity retention. This may 
indicate the importance of focusing the conductive ink at the interface of the VRB, as 
opposed to simply maximizing the overall mass of conductive ink in the electrodes. It 
should be noted that the pristine membrane case was unable to adequately discharge at 
a constant current at 50 mA/cm2, so the values reflected for the pristine membrane 
voltaic efficiencies in Figure 1.9 are likely measured in the range of 35-45 mA/cm2. 
This choice was made for the sake of comparison at a higher current density, it is 
expected that these values are higher than they realistically should be for the pristine 
case. In order to determine the robustness of these coatings, coated membranes were 
analyzed via SEM and FT-IR both before and after 200 cycles, shown in Figure 1.10. 
It was found that there was little to no observable change in the surface characteristics 
of the coating via both the SEM images and the FT-IR spectra. This further 
demonstrates the promise for the use of these conductive coatings in vanadium redox 
flow battery applications.  
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Figure 1.10. Assessment of coated membrane before and after 100 cycles. A. SEM of 
membrane before cycling, B. SEM of membrane after cycling, C. FT-IR of pristine 
membrane, coated membrane before cycling, coated membrane after cycling, D. Photo 
of VRB setup. 
1.4. Summary 
 
A very thin CNT-based conductive carbon coating (~ 0.015 mg of CNT/cm2) onto 
Nafion 117 membranes can improve the rate capability of vanadium redox flow 
batteries. Despite a slightly higher electrical surface resistivity, thinner coatings 
seemed to yield the highest starting discharge capacities and highest capacity retention 
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over a large number of cycles. The use of a copper mesh mask during the 
electrospraying process created discrete, ordered domains of coating coverage, which 
seemed to allow for adequately high proton transport during cycling with still 
decreasing the surface resistivity of the membrane and thus the interfacial resistance. 
This coating technique could be used as a fast, stand-alone pretreatment of membranes 
before use in a vanadium redox flow battery. It could also be used in tandem with 
other electrode enhancement techniques or on other types of ion-exchange membranes 
to yield a more efficient battery. 
 
1.5. References 
 
(1)  Dunn, B.; Kamath, H.; Tarascon, J. for the Grid : A Battery of Choices. 
Science. 2011, 334, 928–935. 
(2)  Liu, J.; Zhang, J.; Yang, Z.; Lemmon, J. P.; Imhoff, C.; Graff, G. L.; Li, L.; 
Hu, J.; Wang, C.; Xiao, J.; et al. Materials Science and Materials Chemistry for Large 
Scale Electrochemical Energy Storage : From Transportation to Electrical Grid. Adv. 
Funct. Mater. 2013, 23, 929–946. 
 (3)  Alotto, P.; Guarnieri, M.; Moro, F. Redox flow batteries for the storage of 
renewable energy : A review. Renew. Sustain. Energy Rev. 2014, 29, 325–335. 
 (4)  Ulaganathan, M.; Aravindan, V.; Yan, Q.; Madhavi, S.; Skyllas-Kazacos, M.; 
Lim, T. M. Recent Advancements in All-Vanadium Redox Flow Batteries. Adv. 
Mater. Inter. 2016, 3, 1–22. 
(5)  Parasuraman, A.; Mariana, T.; Menictas, C.; Skyllas-Kazacos, M. Review of 
material research and development for vanadium redox flow battery applications. 
Electrochim. Acta 2013, 101, 27–40. 
33 
 (6)  Park, M.; Jung, Y.; Kim, J.; Cho, J. Synergistic Effect of Carbon 
Nanofiber/Nanotube Composite Catalyst on Carbon Felt Electrode for High-
Performance All-Vanadium Redox Flow Battery. Nano Lett. 2013. 
 (7)  Li, W.; Liu, J.; Yan, C. Modified multiwalled carbon nanotubes as an electrode 
reaction catalyst for an all vanadium redox flow battery. J. Solid State Electrochem. 
2013, 17, 1369–1376. 
 (8)  Han, P.; Yue, Y.; Liu, Z.; Xu, W.; Zhang, L.; Xu, H. Graphene oxide 
nanosheets/multi-walled carbon nanotubes hybrid as an excellent electrocatalytic 
material towards VO2+/VO2+ redox couples for vanadium redox flow batteries. Energy 
Environ. Sci. 2011, 4710–4717. 
 (9)  Chu, Y. Q.; Li, D. D.; Li, W. W.; Ma, C. A. Electrocatalytic Activity of Multi-
walled Carbon Nanotubes for VO 2 + / VO 2 + of a Vanadium Redox Flow Battery. 
IEEE Conf. 2013, 5–8. 
 (10)  Melke, J.; Jakes, P.; Langner, J.; Riekehr, L.; Kunz, U.; Nefedov, A.; Sezen, 
H.; Wo, C.; Roth, C. Carbon materials for the positive electrode in all-vanadium redox 
flow batteries. Carbon. 2014, 8. 
 (11)  Chakrabarti, M. H.; Brandon, N. P.; Hajimolana, S. A.; Tariq, F.; Yu, V.; 
Hashim, M. A.; Hussain, M. A.; Low, C. T. J.; Aravind, P. V. Application of carbon 
materials in redox flow batteries. J. Power Sources 2014, 253, 150–166. 
 (12)  Park, S. M.; Kim, J. H.; Skyllas-Kazacos, M. A technology review of 
electrodes and reaction mechanisms in vanadium redox flow batteries. J. Mater. 
Chem. A 2015, 3, 16913–16933. 
 (13)  Wang, S.; Zhao, X.; Cochell, T.; Manthiram, A. Nitrogen-Doped Carbon 
Nanotube/Graphite Felts as Advanced Electrode Materials for Vanadium Redox Flow 
Batteries. J. Phys. Chem. Lett. 2012, 3, 2164–2167. 
 (14)  Zhu, H. Q.; Zhang, Y. M.; Yue, L.; Li, W. S.; Li, G. L.; Shu, D.; Chen, H. Y. 
Graphite – carbon nanotube composite electrodes for all vanadium redox flow battery. 
J. Power Sources 2008, 184, 637–640. 
34 
 (15)  Wei, G.; Jia, C.; Liu, J.; Yan, C. Carbon felt supported carbon nanotubes 
catalysts composite electrode for vanadium redox flow battery application. J. Power 
Sources 2012, 220, 185–192. 
 (16)  Deng, Q.; Huang, P.; Zhou, W.; Ma, Q.; Zhou, N.; Xie, H.; Ling, W.; Zhou, C.; 
Yin, Y.; Wu, X.; et al. A High-Performance Composite Electrode for Vanadium 
Redox Flow Batteries. Adv. Energy Mater. 2017, 1700461, 1–7. 
(17)  Ejigu, A.; Edwards, M.; Walsh, D. A. Synergistic Catalyst − Support 
Interactions in a Graphene – Mn3O4 Electrocatalyst for Vanadium Redox Flow 
Batteries. ACS Catal. 2015, 7130 (1). 
 (18)  Huang, R.; Sun, C.; Tseng, T.; Chao, W.; Hsueh, K. Investigation of Active 
Electrodes Modified with Platinum / Multiwalled Carbon Nanotube for Vanadium 
Redox Flow Battery. J. Electrochem. Soc. 2012, 159 (10), 1579–1586. 
 (19)  Li, B.; Gu, M.; Nie, Z.; Shao, Y.; Luo, Q.; Wei, X.; Li, X.; Xiao, J.; Wang, C.; 
Sprenkle, V.; et al. Bismuth Nanoparticle Decorating Graphite Felt as a High- 
Performance Electrode for an All-Vanadium Redox Flow Battery. Nano Lett. 2013, 
13, 1330–1335. 
 (20)  Zhang, W.; Xi, J.; Li, Z.; Zhou, H.; Liu, L. Electrochemical activation of 
graphite felt electrode for VO2+/ VO2+ redox couple application. Electrochim. Acta 
2013, 89, 429–435. 
 (21)  Kim, K. J.; Lee, S.; Yim, T.; Kim, J.; Choi, J. W.; Kim, J. H.; Park, M.; Kim, 
Y. A new strategy for integrating abundant oxygen functional groups into carbon felt 
electrode for vanadium redox flow batteries. Sci. Rep. 2014, 2, 1–6. 
 (22)  Kim, K. J.; Kim, Y.; Kim, J.; Park, M. The effects of surface modification on 
carbon felt electrodes for use in vanadium redox flow batteries. Mater. Chem. Phys. 
2011, 131 (1-2), 547–553. 
 (23)  Yue, L.; Li, W.; Sun, F. Highly hydroxylated carbon fibres as electrode 
materials of all-vanadium redox flow battery. Carbon. 2010, 48 (11), 3079–3090. 
35 
 (24)  Yu, L.; Lin, F.; Xi, J. A recast Nafion / graphene oxide composite membrane 
for advanced vanadium redox flow batteries. RSC Adv. 2016, 6, 3756–3763. 
 (25)  Ju, K.; Hwan, Y. Preparation of the graphene oxide (GO)/Nafion composite 
membrane for the vanadium redox flow battery (VRB) system. Vacuum 2014, 107, 
269–276. 
 (26)  Niu, R.; Kong, L.; Zheng, L.; Wang, H.; Shi, H. Novel graphitic carbon nitride 
nanosheets / sulfonated poly ( ether ether ketone ) acid-base hybrid membrane for 
vanadium redox flow battery. J. Memb. Sci. 2017, 525 (October 2016), 220–228. 
 (27)  Jia, C.; Cheng, Y.; Ling, X.; Wei, G.; Liu, J.; Yan, C. Sulfonated Poly ( Ether 
Ether Ketone )/ Functionalized Carbon Nanotube Composite Membrane for Vanadium 
Redox Flow Battery Applications. Electrochim. Acta 2015, 153, 44–48. 
 (28)  Wang, G.; Zhang, J.; Zhang, J.; Chen, J.; Zhu, S. Sulfonated poly(ether ether 
ketone)/ poly(vinylidene fluoride) / graphene composite membrane for a vanadium 
redox flow battery. J. Solid State Electrochem. 2017, 21, 1185–1194. 
 (29)  Jiang, B.; Yu, L.; Wu, L.; Mu, D.; Liu, L.; Xi, J.; Qiu, X. Insights into the 
Impact of the Nafion Membrane Pretreatment Process on Vanadium Flow Battery 
Performance. ACS Mater. Interfaces 2016. 
 (30)  Zhou, X. L.; Zhao, T. S.; An, L.; Zeng, Y. K.; Zhu, X. B. Performance of a 
vanadium redox flow battery with a VANADion membrane. Appl. Energy 2016, 180, 
353–359. 
 (31)  Jiang, B.; Wu, L.; Yu, L.; Qiu, X.; Xi, J. A comparative study of Nafion series 
membranes for vanadium redox flow batteries. J. Memb. Sci. 2016, 510, 18–26. 
(32)  Li, X.; Zhang, H.; Mai, Z.; Zhang, H.; Vankelecom, I. Ion exchange 
membranes for vanadium redox flow battery (VRB) applications. Energy Environ. Sci. 
2011, 4 (4), 1147. 
36 
CHAPTER 2 
 
DIRECT ADDITION OF SULFUR AND NITROGEN FUNCTIONAL GROUPS TO 
GRAPHITE FELT ELECTRODES FOR IMPROVING ALL-VANADIUM REDOX 
FLOW BATTERY PERFORMANCE 
 
 
Abstract Figure: Scheme of Process 
Sulfur and nitrogen containing groups were bonded to carbon in graphite felt using a 
hydrothermal synthesis method for use in an aqueous all-vanadium redox flow battery. 
It was found that the inclusion of these groups improved the voltaic efficiencies, 
discharge capacities, and capacity retention of these batteries at high current densities. 
The direct addition of sulfur and nitrogen groups also substantially extended the range 
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of current densities available to the battery (in excess of 200 mA/cm2). These results 
suggest that the direct addition of sulfur and nitrogen containing groups on the 
graphite felt as a simple and effective method for improving the performance of all-
vanadium redox flow batteries. 
 
2.1. Introduction 
The need for the development of effective storage methods for renewably generated 
electricity has become increasingly evident in the past few decades.1,2 As global 
energy generation portfolios have begun to burgeon with intermittent generation 
methods, such as wind and solar power, temporary electrical storage has been 
researched with greater interest. To date, a large majority of temporary electrical 
storage exists in the form of mechanical methods. As of 2017, the United States 
Department of Energy estimated that over 95% of large-scale electrical storage 
capacity in the United States consisted of a combination of pumped hydroelectric, 
compressed air, and flywheel storage technologies.3,4 In an age that is in many ways 
defined by portable electrical devices, large-scale electrochemical storage technologies 
play a surprisingly minor role in this portfolio, contributing less than 3% of total 
electrical storage in the United States.4 There are a large variety of electrochemical 
storage technologies that have demonstrated great promise to be deployed at large 
scales, one of which is redox flow batteries. Redox flow batteries have shown the 
possibility to be a reasonably low-cost, long-term electrical storage method.5-7 The all-
vanadium aqueous redox flow battery system (VRB) has been of special interest due 
38 
to its chemical stability, long cycle life, and potential for high electrical capacity.8,9 
Despite these useful properties, VRBs have struggled to break into major energy 
markets due to reasonably high fixed costs and relatively low power density compared 
to other electrical storage methods. Extensive efforts have been taken to investigate 
and improve these metrics. 
The all-aqueous VRB operates using two vanadium based redox couples: VO2+ and 
VO2+ in the catholyte, V2+ and V3+ in the anolyte. These redox couples are 
simultaneously oxidized and reduced upon charging and discharging, via a one-
electron process. A number of factors can impact the performance of these batteries, 
including the cell configuration, flow properties, and polarization resistance. 
Polarization resistance is likely the most widely studied area of VRB research, as the 
overall performance of the battery tends to be most sensitive to changes that impact 
electrochemical performance. Improvements in electrochemical performance tend to 
improve metrics such as current density during cycling, which can in turn allow for 
cell stacks with higher power densities and lower overall capital costs. A number of 
efforts have been made to improve the electrochemical performance of VRBs by 
improving the surface properties of the electrodes in a VRB. This has included a large 
body of work using carbon materials, such as adding various highly conductive 
carbons to graphite felts10-19 and membranes20-24, carbonizing electrodes via specific 
heat treatments, and synthesizing electrodes out of specially developed high surface 
area or heteroatom-doped carbon materials. Other work has been focused on 
decorating carbon materials with metal and metal oxide particles25-30, either via heat 
treatments or through direct reduction of soluble salts. Both of these approaches have 
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shown promise, although issues regarding the stability of some types of added 
particles have been reported. A large body of work has demonstrated the efficacy of 
nitrogen-doping carbon-based felts to improve the performance of VRBs. Much of this 
work has shown that the various forms of amine groups can be used as efficient 
surface modifiers to act as active sites for vanadium redox reactions.31-35 It has also 
been widely demonstrated that adding surface moieties with high oxygen content can 
improve the reactivity of vanadium redox reactions. This has mainly focused on 
adding –OH groups to carbon materials, but has also included studies on –COOH and 
phosphate groups.36-42 It is logical then, that the combined addition of both amine and 
sulfur containing groups to carbon-based electrodes should also provide high-quality 
reaction sites due to high oxygen content and reasonably simple synthetic methods. It 
seemed that given that the supporting electrolyte in many VRB systems is sulfuric 
acid, that the use of sulfate groups bonded to the surface of the graphite felt could be 
more stable over long cycling times than other oxygen containing moieties. Some 
recent work has investigated the use of sulfate or sulfonate groups in electrolyte 
additives43 or in the positive electrode44-46, but there is little work on the use of nitrogen 
and sulfur containing functional groups as a direct electrode surface modification to 
both the anode and cathode of a VRB. 
The following work proposes a simple, but potent method of adding both 
nitrogen and sulfur containing groups to the surface of graphite felt utilizing a one-step 
hydrothermal treatment with ammonium persulfate (APS) salt dissolved in water. 
Electrochemical enhancements are observed and examined from a materials based 
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perspective, to better understand how and why this new method improves VRB 
performance. 
 
2.2 Methods 
2.2.1 Addition of sulfur and nitrogen groups to the surface of graphite felt. 
Varying masses of ammonium persulfate (APS) were dissolved into 100 mL DI water.  
About 1g of pristine graphite felt (~3 mm thick) was submerged into this solution, 
which was subsequently placed in a 200 mL Teflon-lined hydrothermal reactor. The 
reactor was heated in an air furnace at 180C for 12 hours. The graphite felt was then 
removed from the reactor, and rinsed thoroughly with DI water to remove residual salt 
from the surface of the felt. This process was tested with ammonium persulfate 
solution concentrations of 0.10, 0.25, 0.50, and 0.75M APS in 100 mL water. This 
process was also tested without the hydrothermal treatment, and simply with graphite 
felt soaked in the APS solution, and with the hydrothermal treatment alone (no APS 
added) to serve as control experiments. This process was tested on the graphite felt 
used as the cathode alone, the anode alone, and in both the cathode and anode. 
2.2.2 Single-Cell Testing. The single cell setup consisted of the cell and two glass 
containers for electrolyte storage. Electrolyte was pumped through ¼” I.D. tubing to 
and from the flow cell (Tygon 2375 Ultra tubing, Watson-Marlow 323E Pump). Each 
side of the cell consisted of symmetric acrylic end plates with push-to-connect tube 
fittings, a graphite current collector, a Viton gasket, a polypropylene flow frame, and 
an HDPE gasket. These components were separated by a Nafion 212 membrane (50 
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um thick). The total exposed area of the membrane and graphite current collector was 
15 cm2 (a 5 cm by 3 cm rectangle). Each side of the cell had a 2 mm space between 
the membrane and current collector, in which a piece of 3 mm thick porous graphite 
felt (PAN-based, AVCarb) was compressed for good electrical contact. The electrolyte 
used in all tests was 1M VOSO4 (Alfa Aesar) in 4M H2SO4. The electrolyte volume 
used was 25 mL for the catholyte and anolyte, with a flow rate of 30 mL/min. Each 
container of electrolyte was purged of air prior to testing by covering the electrolyte 
with a blanket of argon and sealing well. Current densities between 50 mA/cm2 and 
200 mA/cm2 were explored. All single-cell cycling testing was carried out using a 
battery analyzer (3A/5V, MTI). Cycling involved charging and discharging repeatedly 
at a specified constant current density. The upper cutoff voltage was set at 1.7 V, the 
lower cutoff voltage was set at 0.8 V. Cycling tests were assessed by coulombic 
efficiency, voltaic efficiency, energy efficiency, and capacity retention.  
2.2.3 Electrochemical Measurements. Electrolytes were assessed using Electrical 
Impedance Spectroscopy (EIS) testing to measure the changes in resistance in the cell 
both with and without the addition of APS to the surface of the graphite felt. An 
electrolyte consisting of 0.20M H2SO4 and 0.05M VOSO4 was used for all testing. An 
AC voltage of 1 mV amplitude was used over a frequency range of 104 Hz to 10-3 Hz 
to generate Nyquist plots of the pristine and modified cases. Cyclic voltammetry (CV) 
was also performed on the electrolytes at rates of 10, 20, 50, and 100 mV/s in a three-
electrode glass cell, using the above-mentioned electrolyte. The working electrode 
consisted of a precisely massed piece of graphite felt, skewered on a narrow glassy 
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carbon electrode (1 mm diameter) to provide high electrical conductivity. The 
reference electrode used was Ag/AgCl, the counter electrode used was a platinum 
mesh (52 mesh, Alfa Aesar) attached to platinum wire to provide a large surface area. 
A potential range between -1.6 V and +1.4 V was explored.  
2.2.4 Materials Characterization. The treated graphite felts were characterized using 
a variety of analytical techniques. Felts were optically inspected using SEM to observe 
any visual changes to their surfaces. XPS was used to characterize and quantify the 
bonding environment on the surface of the felts after the treatment. Raman 
spectroscopy (using a 488 nm laser) was used to observe the changes in the degree of 
crystallinity in the carbon network of the graphite felts. Goniometry was employed to 
determine the contact angle of water on the surface of the felts. Fourier-Transform 
Infrared Spectroscopy (FT-IR, Bruker Vertex 80v) was used to glean information 
about bonding groups on the surface of the felts. 
 
2.3. Results and Discussion 
The goal of this treatment was to develop a simple method to permanently add 
reactive nitrogen and sulfur-containing groups to the surface of graphite felt electrodes 
for use in an aqueous all-vanadium redox flow battery. It was theorized that this would 
be an elegant method of tethering a high concentration of oxygen sites and ionizable 
protons on the surface of the graphite felt. The benefits of air-treating graphite felt on 
VRBs have been well-documented elsewhere47, but VRBs with air-treated felts alone 
have limits in their ability to reach high current densities and voltaic efficiencies. It 
has also been observed that the oxygen groups formed through this process may not be 
as stable as desired during lengthy cycling processes, such as those necessary in VRB 
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use. The actual nature of these groups can also vary based on the treatment, but in 
many cases tend to be a mixture of hydroxyl, carboxyl, and epoxide groups.36,41,47,48 
The proposed treatment uses an inexpensive, highly water-soluble salt as a supply of 
ammonium and persulfate ions. It has been observed that upon heating in neutral pH, 
persulfates can decompose to form reactive free radicals, which can add to alkenes and 
primary alcohols to form both sulfates and sulfonate groups with alkenes49-53, an 
example of which is shown in Scheme 2.1. 
 
Scheme 2.1. Proposed formation of surface functional moieties. Reaction scheme 
showing formation of sulfate esters and hydroxyl groups via persulfate radicals. A 
similar reaction mechanism is expected for the formation of sulfonate groups. 
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 The extent of the contribution from each of these theorized reaction processes was 
unknown prior to testing, however ammonium persulfate has been long used as an 
oxidizing agent in a number of unrelated applications.54-57 Ammonium and ammonia 
can, in heated aqueous environments, directly substitute nitrogen atoms for carbon 
atoms in carbon networks.58-60 There are a number of reagents available for this 
process. This approach combines the two agents to modify carbon in a single step. 
Initial range-finding studies were conducted to understand how much APS salt was 
needed to improve the performance of the graphite felts in the VRB. It was found that 
concentrations greater that 0.25M APS per gram of graphite felt showed little 
additional improvement in VRB performance. Hence, all subsequent APS testing was 
conducted using 0.25M APS solutions to reduce waste of materials and cost. SEM was 
used to analyze these treated felts, as shown in Figure 2.1. 
 
Figure 2.1. FE-SEM images of A. Pristine graphite felt, B. Air-treated graphite felt, 
and C. APS Treated graphite felt. While no obvious the optical differences can be 
observed, major differences in hydrophilicity are observed in goniometry 
measurement (inset). The APS treated felt is so hydrophilic that water droplets 
immediately wet the felt, prohibiting contact angle measurement. 
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 The felts showed no noticeable visual differences in surface structure. Maintaining the 
structural integrity of the individual felt fibers is crucial to long-life stability and 
maintaining high electrical conductivity in VRBs. The APS treatment process showed 
no evidence of damage to these fibers. Goniometry was conducted using DI water as 
the working solvent. It was observed that the as-received felts are quite hydrophobic 
(Figure 2.1A). After air-treatment in a furnace (420C for 10 hours), the felts show a 
lower contact angle (Figure 2.1B). Following a hydrothermal treatment in a 0.25M 
APS solution (1.00 g graphite felt: 5.7 g APS salt), the surface was significantly more 
hydrophilic, evidenced by the rapid wetting of the felt. A contact angle could not be 
recorded due to the highly hydrophilic nature of the modified felt (Figure 2.1C). The 
felts were also analyzed using Raman Spectroscopy, as shown in Figure 2.2. 
 
Figure 2.2. A. Raman Spectroscopy showed prominent G and D bands, the relative 
intensities of which where quantified. B. Summary of relative ID/IG intensities showed 
that the Air-treated and APS Treated felts had a marginally higher degree of 
crystallinity in the carbon network. 
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 This was conducted to examine the nature of the carbon structure with and without 
the APS treatment. When observing carbon materials with Raman Spectroscopy, it is 
common to see two primary signals: the Disorder Band (D Band) and the Graphitic 
Band (G Band). The relative intensity ratio of these two peaks gives an indication of 
the degree of crystallinity in the target carbon network.61 These data show that the D 
Band occurs at approximately 1350 cm-1 and the G Band is found at approximately 
1572 cm-1. The ID/IG ratios are also summarized in Figure 2.2. The data show that there 
was an apparent increase in the fraction of crystalline material found in the graphite 
felt after heat treatment in air. This was attributed to a small amount of carbon 
oxidation and removal in the form of CO and CO2 gas during the heat treatment, the 
majority of which was likely amorphous carbon. The APS treatment seemed to have a 
minimal impact on the crystallinity of the graphite felt compared to the air-treated felt 
– an important indicator of the intact structural integrity of the graphite felt. X-ray 
Photoelectron Spectroscopy (XPS) was used to more accurately quantify the elemental 
distribution and bonding environment on the surface of the graphite felt. These data 
are shown in Figure 2.3A. All felts analyzed showed C 1s and O 1s peaks. It is quite 
clear that the APS treated felt also showed S 2p, S 2s, and N 1s peaks. These peaks 
indicated a presence of both sulfur and nitrogen on the surface of the graphite felt. The 
C 1s XPS spectra for each sample was deconvoluted as presented in Figure 2.3. Figure 
2.3B shows the pristine felt, which exhibited a majority of C-C bonding at 284 eV, 
with a minor amount of C-O bonding at 286 eV. The Air-treated case (Figure 2.3C) 
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showed a larger fraction of C-O bonding, accompanied by substantial C=O bonding at 
289 eV. This higher degree of oxidation is expected and is consistent with the overall 
oxygen content measured, along with the goniometry data. The deconvoluted APS 
treated felt XPS spectra (Figure 2.3D) showed a series of unique carbon bonds, with 
the C-C bonding found at 284 eV, C-N bonding at 285 eV, C-O at 287 eV, C-S at 288 
eV, and C=O at 290 eV. These fitting assignments are consistent with previous studies 
on systems containing C, O, N, and S.38,43,46 They also indicate that a series of sulfur 
and nitrogen containing compounds are covalently bonded on the surface of the 
graphite felt as a result of the APS treatment.  
 
Figure 2.3. A. XPS spectra comparing the three test cases of graphite felt. Both S 2p, 
S 1s, and N 1s peaks appear clearly in the APS Treated felt spectra. B. C 1s spectra of 
Pristine felt showed low oxygen content. C. C 1s spectra of Air-treated felt showed a 
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higher degree of oxidation, evidenced by prominent C-O and C=O bonding. D. C 1s 
spectra of APS Treated felt showed a series of different carbon bonds. The overall 
atomic percentages of each sample are reflected by the pie charts. 
 
When the S 1s peak from the APS treated felt was examined in detail (Figure 2.4A), it 
was shown that it could be deconvoluted into two peaks. Theory dictates that the S 2p 
peak exist as a doublet due to spin-orbit splitting, and appear in a 1:2 intensity ratio as 
S 2p1/2 and S 2p3/2, respectively.62 This splitting is demonstrated in the observed S 2p 
spectra in these data. It is theorized that the S 2p3/2 peak found at 167 eV is indicative 
of C-SO3H groups, whereas the S 2p1/2 peak found at 169 eV likely represents O-SO3H 
groups.63 These results support the theory that a combination of sulfates and sulfonates 
are formed during the APS treatment. In Figure 2.4B the N 1s spectra can be 
deconvoluted into graphitic, pyrrolic, pyridinic, and oxidic groups, based on where the 
nitrogen atom is inserted into the carbon structure.31,32 This distribution is observed in 
the spectra of the APS treated sample, with the graphitic peak found at 401 eV,  
pyrrolic at 400 eV, pyridinic at 399 eV, and oxidic at 403 eV. It is likely that these 
groups are formed in a somewhat random nature, although all provide sites for protons 
available for ion exchange, which are likely used in reaction with the electroactive 
vanadium species.  
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Figure 2.4. A. S 2p XPS spectra from APS Treated felt sample. The peak indicates the 
presence of S-O and C-S bonding. B. N 1s XPS spectra from APS Treated felt sample. 
Deconvolution indicates a variety of types of nitrogen bonding to the carbon in the 
felt. 
The three samples of interest were also analyzed using FT-IR Spectroscopy to better 
understand bonding on the surface of the graphite felts (Figure 2.5). Some peaks were 
found in all samples tested, and were generally consistent with the carbon-bonding 
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network of the graphite felt. These included peaks at 1627 cm-1 (C=C alkene 
stretching), 1465 cm-1 (C-H alkane bending), 1267 cm-1 and 1122 cm-1 (likely C-O 
stretching).64 Quite a few new peaks were observed and assigned to sulfur containing 
moieties after the APS treatment. SO2- symmetric and asymmetric stretching peaks 
were observed at 1025 cm-1 and 1160 cm-1, respectively.65-67 Broad peaks centered at 
1190 cm-1 and 1430 cm-1 were also observed, which are both attributed to S=O 
stretching modes in sulfate or sulfonate groups.64,67 A peak was also observed at 1052 
cm-1, which can likely be attributed to the C-N stretching mode found in amine 
groups.64 Interestingly, a reasonably large peak was observed at 877 cm-1, which can 
be assigned to the stretching mode of a sulfate ester (S-O-C). The expected range for 
finding a sulfate ester stretching mode is typically between 700 cm-1 and 900 cm-1, but 
previous work has shown that longer carbon based groups tend to shift the peak 
toward the higher wavenumbers.68,69 This finding supports the sulfation reaction 
mechanism proposed via the radical formation process. The most prominent peak in 
the observed spectra was found at 659 cm-1, which can be attributed to a C-S bond.70,71 
This is indicative of the C-S bond found in sulfonate groups, suggesting that they may 
exist in greater proportion than the suspected sulfate groups on the surface of the felt.  
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Figure 2.5. FT-IR of graphite felts spectra show a number of peaks indicating 
presence of various surface functional groups on APS Treated felt. 
 
In order to better understand why this surface modification process works, a reaction 
scheme was proposed for both the anode and the cathode (Scheme 2.2). Both sulfate 
and hydroxyl groups are used as instructive examples, but similar reaction 
mechanisms are expected from sulfonate and amine groups. It is assumed that 
functional groups on the surface of the felt are fully protonated by the sulfuric acid 
electrolyte upon contact. During the oxidative charging process in the catholyte, it was 
theorized that oxygen or nitrogen in the surface functional groups acted as initial 
reaction sites for the VO2+ ion to temporarily bond, displacing a proton. An additional 
oxygen from water groups in the electrolyte could then bond to the vanadium 
complex, generating two additional protons and an electron, forming VO2+.  In the 
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anolyte, it is theorized that V3+ displaced a proton bonded to an oxygen of the 
functional group, forming an intermediate complex. An electron could then be 
withdrawn from the graphite felt, subsequently releasing the vanadium ion, now in the 
V2+ state. It is theorized that this process is reversible, using the same mechanism. This 
assumption, however, may not be completely accurate due to the discrepancies 
observed in the current density maxima during electrochemical testing, which suggests 
that one of the steps in this proposed mechanism is slower in the reverse direction, 
causing loss of capacity over time at higher current densities. 
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Scheme 2.2. Proposed Vanadium Ion Reaction Mechanism.  Sulfate and hydroxyl 
groups are shown as instructive examples for a suggested reaction mechanism of 
vanadium ions with surface functional groups from APS Treated felt in the Catholyte 
(A) and Anolyte (B). 
Cyclic voltammetry was conducted to test the electrochemical effects of the APS 
graphite felt treatment on the relevant VRB reactions. Figure 2.6 shows the CV of the 
different graphite felts in the catholyte at a potential scan rates of 10, 20, 50, and 100 
mV/s. It can be seen that the treatment has minimal impact on the cathodic peak 
(V(IV) to V(V) reaction) with the use of the APS treated felt. The maximum current 
density of the air-treated and APS treated felts and the peak position are similar, and 
both improve upon the pristine felt. There was, however, a substantial improvement in 
the reverse reaction in the catholyte (V(V) to V(IV)). The maximum current density 
for the APS treated felt occurred at a higher potential as compared to the pristine and 
air-treated felts. This indicated a drop in the overpotential of the reaction, which 
generally suggests more favorable reaction kinetics. This was coupled with the 
observation that the maximum peak height was greater in the reverse reaction with the 
use of the APS treated felt. This again indicates favorable reaction kinetics, as a 
greater generated current signifies an increase in the number of electroactive groups 
reacting and transferring electrons during the potential sweep. These effects are 
attributed to the increased number of vanadium reaction sites from oxygen in the 
sulfate, sulfonate and hydroxyl groups and nitrogen in the amine groups on the surface 
of the graphite felt.  The reversibility of this reaction (in terms of current density) 
seems to be limited by the reverse reaction (V(V) to V(IV)). It seems that the 
increased number of surface moieties in the cathode plays a more important role in the 
reverse reaction than in the forward reaction. This is indicative of either more sluggish 
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reaction kinetics, which are improved by additional reaction sites, or a reverse reaction 
mechanism that is different than that of the forward reaction.  
 
Figure 2.6. CV data is compared for potential scan rates of 10, 20, 50, and 100 mV/s 
using different graphite felts in the catholyte. Data presented by individual felt type 
can be found in Figure 2.S1. 
Figure 2.7 shows CV data of the graphite felts in the anolyte. The improvements in 
reversibility of these reactions are more pronounced in these data. The use of APS 
treated felt causes a large shift in the peak position of the cathodic peak in the anolyte 
as compared to both the Pristine and Air-treated cases. The observed current is also 
substantially greater at all measured sweep rates. The differences in the observed 
anodic peaks are even more striking. The anodic peak in the anolyte is difficult to 
measure in either the Pristine or Air-treated cases, especially at higher current 
55 
densities, due to the onset of gas generation experienced during the more reducing 
potentials. This peak is much more pronounced in the APS Treated felt case, as is 
demonstrated by the peak shoulder near -1.0 V.  These results indicate superior 
activity and reversibility of the anodic reaction with the use of the APS treated felt. 
 
Figure 2.7. Plots A, B, and C show CV data collected at potential scan rates of 10, 20, 
and 50 mV/s for different graphite felts in the anolyte. Data presented by individual 
felt type can be found in Figure 2.S2. D. EIS spectra comparison of the three felts in 
the vanadium electrolyte. 
In order to better understand the diffusive characteristics of the vanadium species in 
the presence of the different types of felt, the Randles-Sevcik equation was used to 
plot the CV peak current density versus the square root of the potential scan rate.72 The 
resulting plots are shown in Figure 2.8 and were plotted based on Equation 2.1: 
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                           (2.1) 
where ip is peak current (A), n is number of electrons transferred (1), A is electrode 
area (cm2), Do is the apparent diffusion coefficient (cm2/s), Co* is the bulk electrolyte 
concentration (mol/cm3), and  is the potential sweep rate (V/s).  
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Figure 2.8. Plots of Peak Current (measured from CV testing) vs. potential scan 
rate1/2. Data was plotted to calculate effective vanadium ion diffusion coefficients in 
the presence of the different felts. 
The apparent diffusion coefficients for the different felts in the anolyte and catholyte 
are tabulated in Table 1. In the catholyte, the mass transfer of the forward reaction is 
not greatly impacted by the treated APS felt or the air-treated felt. The reverse 
reaction, however, shows that the apparent diffusion coefficient of the APS treated felt 
is nearly double that of the air-treated felt and greater than double that of the pristine 
felt. The diffusion coefficients are all smaller in the anolyte, which is consistent with 
slower reaction kinetics. The APS treated felt again shows larger diffusion coefficients 
as compared to the pristine or air-treated felts, indicative of a more favorable surface 
for the relevant reactions. 
Table 2.1. Calculated effective vanadium ion diffusion coefficients 
 Catholyte  (10
-6 cm2/s) Anolyte  (10-6 cm2/s) 
 Positive Negative Positive Negative 
Pristine GF 5.24 1.18 0.46 0.58 
Air-treated GF 6.02 1.62 0.35 1.04 
APS Treated GF 6.13 3.00 0.65 1.19 
 
Electrical Impedance Spectroscopy (EIS) was performed in a 3-probe cell using each 
of the graphite felts as a working electrode. These data (Figure 2.7D) supported the 
results from the CV testing, showing an evident decrease in charge transfer resistance 
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with both the APS and air-treated felts as compared to the pristine felt. The APS 
treated felt showed an even smaller charge transfer resistance than the air-treated felt, 
as was expected. The Ohmic resistance was unchanged for each test, as expected. 
Finally, the felts were assessed in single cell tests. Each test consisted of a series of 
charge-discharge cycles at various current densities to measure the discharge 
capacities and coulombic, voltaic, and energy efficiencies. The current densities tested 
ranged from 50 mA/cm2 to 200 mA/cm2 in increments of 25 mA/cm2. The tested cases 
were: Pristine GF (anode and cathode), Air-treated GF (anode and cathode), APS 
Treated GF (cathode only, Air-treated anode), APS Treated GF (anode only, Air-
treated cathode), and APS Treated (anode and cathode). The coulombic efficiencies 
were largely unaffected by the changes in surface treatment (Figure 2.9A). The voltaic 
efficiencies show the true impact of the APS treatment on the felts. The Pristine GF 
was unable to cycle past 75 mA/cm2. The Air-treated GF showed an improvement to 
the pristine case, but was limited to a current density range of 100 mA/cm2. The use of 
an APS Treated GF in the cathode with an Air-treated anode resulted in a modest 
improvement in the voltaic efficiency compared to the all Air-treated case, consistent 
with CV data. The use of an APS Treated GF anode with an Air-treated GF cathode 
showed a major improvement in the voltaic efficiency of the VRB, and extended the 
current density range to 175 mA/cm2. The best results were seen when the APS treated 
GF was used on both sides of the VRB, resulting in a voltaic efficiency of ~75% at a 
high current density of 200 mA/cm2. This translates to an energy efficiency 
improvement of over 25% when compared to the Pristine felt case at 50 mA/cm2.  
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These results suggest that the APS treatment has a much greater impact in the anode 
than the cathode of the VRB, but demonstrate an improvement on both sides of the 
battery. The corresponding discharge capacities of these tests were also reported 
(Figure 2.9D), demonstrating that the measured capacities correspond well to the 
voltaic and energy efficiencies. 
 
Figure 2.9. Results of ramping study of different graphite felts at increasing current 
density. Each current density increment lasted 5 cycles. A. Coulombic efficiency 
comparison, B. Voltaic efficiency comparison, C. Energy efficiency comparison, D. 
Discharge capacity comparison. 
 In order to probe the capacity retention in these systems, cycling tests at a modest 
current density of 50 mA/cm2 were conducted on the Pristine, Air-treated, and APS 
Treated (anode and cathode) VRBs. These data (Figure 2.10) show that the APS 
treated case has a capacity retention of 83.1% over 100 cycles, compared to 19.7% 
(Pristine) and 27.9% (Air-treated).  
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Figure 2.10. Capacity retention comparison of different felts, tested at 50 mA/cm2 for 
100 cycles. 
A series of tests were taken to better understand how much the APS treatment 
contributed to the improvement of the performance of each single cell test. This 
included control tests with hydrothermally treating the felts in water alone (no APS 
addition), soaking the felts in APS solution for 12 hours (no hydrothermal treatment), 
and hydrothermally treating the felts in 9M H2SO4 instead of in the APS solution.  
This series of tests was compared to tests with the air-treated felts in both the anode 
and the cathode, and with pristine felts in both the anode and the cathode. The voltaic 
efficiencies of ramping data for the various cases of felts are shown in Figure 2.S3. 
The data show that hydrothermally treating with sulfuric acid shows a minor 
improvement in performance, likely due to mild oxidation or sulfation of the graphite 
felt. This case shows less impressive data than the Air-treated base case. When the 
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felts are hydrothermally treated in water alone, the voltaic efficiencies are similar to 
the Air-treated case. This is also explained by mild oxidation of the felts from the 
water treatment, although perhaps in a way that does less damage to the electrically 
conductive network of the felt. Finally, a room-temperature soak in the APS solution 
showed the most positive results, and readily outperformed the Air-treated felt. This is 
likely due to the unstable radical nature of the persulfate groups in the APS salt. Some 
small amount of reaction with the felt likely occurs to cause a noticeably large 
improvement in both voltaic efficiency and accessible current densities. It is important 
to note that none of these cases come close to performing as well as the 
hydrothermally treated APS felt, especially when the treatment is to both sides of the 
felt. It is clear that a larger thermal activation is necessary for the surface reactions to 
occur to a greater extent.  
2.4. Conclusions 
Sulfur and nitrogen containing functional groups were successfully added to graphite 
felt electrodes for use in a VRB via a simple hydrothermal method. The use of APS 
salt allowed for the formation of persulfate radicals, which tethered sulfate, sulfonate, 
and hydroxyl groups to the carbon surface. Ammonium ions also caused the formation 
of amine groups of various types. As a result, major improvements in voltaic and 
energy efficiency were achieved by using APS Treated felt in both the anode and the 
cathode, attributed to a large amount of active oxygen and nitrogen surface sites on the 
graphite felt electrodes. These improvements were studied and characterized using 
various electrochemical and materials analyses, which revealed improvements in both 
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charge transfer and mass transfer of the vanadium redox couples. The vanadium 
reactions in the anolyte proved to be the limiting factor in the overall performance of 
the VRB. In conclusion, this method created a stable, oxygen-rich, hydrophilic surface 
that greatly improved the overall performance of an aqueous vanadium redox flow 
battery. 
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Figure 2.S1. CV data compared for potential scan rates of 10, 20, 50, and 100 mV/s in 
catholyte using A. Pristine felt, B. Air-Treated felt, C. APS Treated felt 
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Figure 2.S2. CV data compared for potential scan rates of 10, 20, and 50 mV/s in 
anolyte using A. Pristine felt, B. Air-Treated felt, C. APS Treated felt 
 
Figure 2.S3. Voltaic efficiencies from ramping study of control case graphite felts. All 
cases underperformed use of APS hydrothermally treated felts. 
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Figure 2.S4. A. Photo of VRB single-cell setup. B. Schematic of VRB single-cell 
setup. 
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CHAPTER 3 
 
DIRECT REDUCTION OF METAL SALTS AS ANODIC ELECTROCATALYSTS 
FOR AQUEOUS VANADIUM REDOX FLOW BATTERIES 
 
ABSTRACT: Low concentrations of Sn2+ and Cu2+ salts were dissolved in the anolyte 
of an aqueous all-vanadium redox flow battery to form tin and copper nanoparticles to 
improve the reactivity of the V(II)/V(III) reaction. The presence of tin and copper 
nanoparticles showed improvements in both the discharge capacity (> 40%) and the 
energy efficiency (> 9%) at a high current density of 150 mA/cm2.  The addition of tin 
and copper also substantially extended the range of current densities available to the 
battery. These results suggest the use of tin and copper nanoparticles as a simple and 
effective method for improving the performance of all-vanadium redox flow batteries. 
3.1. Introduction 
The need for the development of effective storage methods for renewably generated 
electricity has become increasingly evident in the past few decades.1,2 As global 
energy generation portfolios have begun to burgeon with intermittent generation 
methods, such as wind and solar power, temporary electrical storage has been 
researched with greater interest. The all-vanadium aqueous redox flow battery system 
(VRB) has been of special interest due to its chemical stability, long cycle life, and 
potential for high electrical capacity.8,9 Despite these useful properties, VRBs have 
struggled to break into major energy markets due to reasonably high fixed costs and 
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relatively low power density compared to other electrical storage methods. Extensive 
efforts have been taken to investigate and improve these metrics. 
The all-aqueous VRB operates using two vanadium based redox couples: VO2+ and 
VO2+ in the catholyte, V2+ and V3+ in the anolyte. These redox couples are 
simultaneously oxidized and reduced upon charging and discharging, via a one-
electron process. A number of factors can impact the performance of these batteries, 
including the cell configuration, flow properties, and polarization resistance. 
Polarization resistance is likely the most widely studied area of VRB research, as the 
overall performance of the battery tends to be most sensitive to changes that impact 
electrochemical performance. Improvements in electrochemical performance tend to 
improve metrics such as current density during cycling, which can in turn allow for 
cell stacks with higher power densities and lower overall capital costs. A number of 
efforts have been made to improve the electrochemical performance of VRBs by 
improving the surface properties of the electrodes in a VRB. This has included a large 
body of work using carbon materials, such as adding various highly conductive 
carbons to graphite felts10-19 and membranes20-24, carbonizing electrodes via specific 
heat treatments, and synthesizing electrodes out of specially developed high surface 
area or heteroatom-doped carbon materials. Other work has been focused on 
decorating carbon materials with metal and metal oxide particles25-44, either via heat 
treatments or through direct reduction of soluble salts. Some of the initial work in this 
area was first conducted using directly reduced Bi3+ particles in the anode of the VRB. 
Other work has tested direct reduction of different elements, but with little explanation 
as to why certain elements work better than others. The general requirements for this 
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methodology remain the same – the metal ion of the added salt must have a standard 
reduction potential between +1.00V and -0.26V, versus the Standard Hydrogen 
Electrode (SHE). To form a metal particle and play a role in the catalysis of the 
vanadium reduction reaction, the metal salt must be reduced to a solid form during the 
charging cycle of the VRB, but at a redox potential that is more positive than -0.26V. 
The following work proposes a simple method of adding small masses of tin 
and copper salts to the anolyte of a VRB for the purpose of direct reduction of metal 
particles on the surface of graphite felt during charge cycles. Electrochemical 
enhancements are observed and examined from a materials based perspective, to better 
understand how and why this new method improves VRB performance. 
 
3.2. Methods 
3.2.1 Addition of SnCl2 and CuCl2 to the Electrolyte 
Varying amounts of SnCl2 were added to the anolyte of the discharged VRB (in the 
V(III)/V(IV) state). The amounts of salts tested equated to concentrations of 0.005 M, 
0.01 M, 0.02 M, and 0.04M of SnCl2, and concentrations of 0.005M, 0.01M, and 
0.02M CuCl2 in the anolyte. Both salts were observed to be readily soluble in the 
electrolyte.  
3.2.2 Single-Cell Testing. The single cell setup consisted of the cell and two glass 
containers for electrolyte storage. Electrolyte was pumped through ¼” I.D. tubing to 
and from the flow cell (Tygon 2375 Ultra tubing, Watson-Marlow 323E Pump). Each 
side of the cell consisted of symmetric acrylic end plates with push-to-connect tube 
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fittings, a graphite current collector, a Viton gasket, a polypropylene flow frame, and 
an HDPE gasket. These components were separated by a Nafion 212 membrane (50 
um thick). The total exposed area of the membrane and graphite current collector was 
a 5 cm by 3 cm rectangle, totaling 15 cm2. Each side of the cell had a 2 mm space 
between the membrane and current collector, in which a piece of 3 mm thick porous 
graphite felt (PAN-based, AVCarb) was compressed for good electrical contact. The 
graphite felt was pretreated by heating in air for 10 hrs at 420C to improve wettability. 
The electrolyte used in all tests was 1M VOSO4 (Alfa Aesar) in 4M H2SO4. The 
electrolyte volume used was 25 mL for the catholyte and anolyte, with a flow rate of 
30 mL/min. Each container of electrolyte was purged of air prior to testing by flowing 
in a blanket of argon and sealing well. Current densities between 30 mA/cm2 and 200 
mA/cm2 were explored. All single-cell cycling testing was carried out using a battery 
analyzer (3A/5V, MTI). Cycling involved charging and discharging repeatedly at a 
specified constant current density. The upper cutoff voltage was set at 1.7 V, the lower 
cutoff voltage was set at 0.8 V. Cycling tests were assessed by coulombic efficiency 
(CE), voltaic efficiency (VE), energy efficiency (EE), and discharge capacity. These 
metrics were defined as follows: 
        (1) 
       (2) 
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         (3) 
These were plotted versus current density, which is a measure of the charge and 
discharge current of the test, divided by the surface area of the membrane. All of the 
tests discussed in this study used membranes that were 15 cm2 in area. 
3.2.3 Electrochemical Measurements. Electrolytes were assessed using Electrical 
Impedance Spectroscopy (EIS) testing to measure the changes in resistance in the cell 
both with and without the addition of SnCl2 to the electrolyte. An electrolyte 
consisting of 4M H2SO4 and 1M VOSO4 was used for all testing. An AC voltage of 
1mV amplitude was used over a frequency range of 104 Hz to 10-3 Hz to generate 
Nyquist plots of the pristine and modified cases. Cyclic voltammetry (CV) was also 
performed on the electrolytes at a rate of 20 mV/s in a three-electrode glass cell, using 
the above-mentioned electrolyte. The reference electrode used was Ag/AgCl, the 
counter electrode used was a platinum wire. A 3.0 mm diameter circle of polished 
Glassy Carbon Electrode (GCE) was used as the working electrode. A potential range 
between -0.85 V and 1.4 V was explored.  
3.2.4 Materials Characterization. The modified graphite felts were characterized 
using a variety of analytical techniques. Felts were optically inspected using SEM to 
observe any visual changes in the form of metal particles on their surfaces. EDX was 
used to confirm the existence of the metals of interest.  
3.3. Results and Discussion 
3.3.1 SEM Analysis of Directly Reduced Tin and Copper Salts 
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The purpose of this modification was to develop a simple, inexpensive method to 
temporarily attach nano-scale and micron-scale particles to the surface of graphite felt 
electrodes for use in an aqueous all-vanadium redox flow battery. The principle of 
direct reduction in VRBs has been previously explored by other researchers, but the 
metal salts which have been explored were limited at the time of testing. Tin and 
copper salts were investigated as they had not been previously studied at the time of 
experimentation, and they fit the selection criteria. The selection criteria first involved 
choosing metal salts that had standard reduction potentials that were within the voltage 
window of the VRB system, that is between -0.26V and 1.00V vs. the SHE. The 
principle of this scheme relies on the metal salt being reduced from its ionic form to its 
zero-state metallic form upon charging of the VRB. As the anode is exposed to 
increasingly negative potentials, the majority of the salt will plate in small particles on 
the surface of the graphite felt. Previous work has shown that this process can produce 
highly-active reaction sites upon which the anodic vanadium reaction can occur. 
Another important selection detail was the need for the salt to be highly soluble and 
stable in aqueous media and 4M sulfuric acid (the working electrolyte). If the salt was 
not soluble, the particles would likely fail to properly adhere to the surface of the felt, 
and would not contribute to the performance of the battery. The salts needed to be 
reasonably inexpensive for this process to be worthwhile. It was acknowledged that 
precious noble metals could potentially be used in this scheme, but the main thrust of 
this work is to decrease the overall cost of the RFB assembly. Many noble metals (Pt, 
Pd, Ru, etc.) also tend to be too effective when splitting water into H2 and O2 gasses in 
reducing or oxidizing environments, a problem which is of great concern in aqueous 
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RFBs. When the results of these screening criteria were combined, both copper and tin 
stood out as interesting candidates. Both metals are reasonably resistant to corrosion, 
are inexpensive, are highly electrically conductive, and exist in salt forms that are 
readily soluble in sulfuric acid. With this knowledge in mind, various concentrations 
of each salt (SnCl2 and CuCl2) were dissolved into the anolyte of a VRB. The VRBs 
were cycled, data was collected, and the felts were analyzed after cycling. SEM 
images of the Pristine and Air-treated graphite felts are shown in Figure 3.1. 
  
Figure 3.1. SEM of unmodified felts: Left: Pristine graphite felt; Right: Air-treated 
Graphite felt 
It can be seen that the pristine felt is void of any obvious damage, the surface 
appearing smooth and unmodified. The Air-treated felt appears to have visible lines, 
parallel to the axial direction of each fiber, from which some material has been 
removed via thermal oxidation. This material is likely removed in the form of CO, 
CO2 and N2 gases from the degradation of the poly(acrylonitrile) polymer from which 
83 
the fibers were originally synthesized. This burn-off is designed to introduce an 
abundance of hydrophilic surface groups, which can act as reaction sites for the 
aforementioned vanadium redox reactions in both the anode and the cathode. It is 
important for the structural integrity of the fibers to be maintained after this process 
has been completed, as the electrical conductivity of the graphite felt network has an 
important impact on the overall performance of the battery. Based on the Air-Treated 
SEM image in Figure 3.1, this seems to be the case with this particular thermal 
treatment. SEM images of graphite felts modified with 0.005M concentrations of 
SnCl2 salt are shown in Figure 3.2. 
  
Figure 3.2. SEM images of graphite felts, modified by adding 0.005M concentrations 
of SnCl2 to the anolyte before cycling. Images show felts after cycling analysis. 
It is evident that the addition of SnCl2 shows the formation of Sn crystals on the 
surface of the graphite felt. This process works because the reduction of Sn2+(aq) to 
Sn0(s) occurs at a potential of -0.13V compared to the SHE, whereas the reduction of 
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V3+(aq) to V2+(aq) occurs at -0.26V compared to the SHE. In theory, a majority of the 
small amount of tin in solution will reduce to the elemental form before the vanadium 
is reduced in solution. This creates the observed crystals, and enables their use as 
solid, electroactive metal catalysts. The crystals formed from the tin reduction process 
tend to be dispersed randomly, and in general seem to aggregate to sizes between 500 
nm and 5 um. It is theorized that better controlled crystal formation could yield better 
performing anodes, as much of the interior of the observed tin crystals is likely not 
used for catalysis. A similar approach was taken using 0.005M CuCl2 dissolved into 
the anolyte. SEM images of the cycled anodes are shown in Figure 3.3 and Figure 3.4.  
  
Figure 3.3. SEM images of VRB anodes with 0.005M CuCl2 added to the anolyte 
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Figure 3.4. SEM images of VRB anodes with 0.005M CuCl2 added to the anolyte 
These images show distinctly different crystal structures when compared to the 
0.005M SnCl2 images. They show a combination of nanoscale block-like structures 
and flat disc-like structures. These crystals were scattered randomly throughout the 
sample. It was unclear why the crystals formed in the observed structures, as there are 
quite a few variables affecting their growth (salts concentration, local graphite felt 
environment, shear from electrolyte convection, incomplete redissolution upon 
discharge, etc.). Ideally, the individual contribution from these different crystals 
structures could be determined, however it was decided that this was outside the scope 
of this study. The interesting images in Figures 3.3 and 3.4 led to testing a higher 
concentration of CuCl2 addition to the anolyte, in an effort to probe the effects on the 
performance of the battery and accompanying crystal formation. A concentration of 
0.01M CuCl2 was dissolved into the anolyte, and the resulting SEM images from the 
cycled battery are shown in Figure 3.5 and Figure 3.6. 
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Figure 3.5. SEM images of VRB anodes with 0.01M CuCl2 added to the anolyte 
 
Figure 3.6. SEM images of VRB anodes with 0.01M CuCl2 added to the anolyte 
The images in these figures show a greater density of disc-like crystal structures 
formed upon the surface of the felt. Many of the discs show the beginning of 
nucleation of greater crystal growth on their surfaces. Regions in which individual 
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graphite felt fibers touch show the highest degree of crystal growth, indicating a 
locally low surface energy that is favorable to nucleation and growth of copper 
crystals. This observation leads to a broader conclusion – the use of anode templates 
that have a more uniformly ordered structure may lead to better distributed crystal 
growth. In general, it is acknowledged that smaller particles tend to be more active for 
catalysis than larger particles, as a greater fraction of their mass is on the surface and 
not obscured in the bulk of the particle. Better-ordered conductive templates, such as 
those from graphitized block copolymer monoliths or the like, could lead to better 
particle distribution and likely better overall performance of VRBs. 
A bimetallic system was investigated in an effort to discover some synergistic effects 
related to crystal structure. The premise for this investigation stemmed from both 
battery cycling results and observations made from SEM imaging of the crystal 
structure. The optimal molar concentrations of the added salts (reported below) from a 
battery performance perspective were different. This was an interesting conclusion, as 
it indicated that there was more than total surface area at play in this system – the 
resulting crystal structure and elements making up said structure may play a larger role 
on the performance. This conclusion led to studies in which small concentrations of 
both SnCl2 and CuCl2 salts were dissolved into the anolyte of the VRB. The first study 
tested concentrations of 0.005M SnCl2 and 0.005M CuCl2. The SEM images from the 
cycled anode from this study are shown in Figure 3.7 and Figure 3.8. 
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Figure 3.7. SEM images of VRB anodes with 0.005M CuCl2 and 0.005M SnCl2 added 
to the anolyte 
  
Figure 3.8. SEM images of VRB anodes with 0.005M CuCl2 and 0.005M SnCl2 added 
to the anolyte 
These images show some of the characteristic features observed in the single element 
studies, although they are closer to resembling the copper images than the tin images. 
Both disc-like crystal structures and nanoscale crystals are observed, intermingling 
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together. It is expected that the metal that is closest to the surface of the felt will be 
copper, as the standard reduction potential of the Cu2+ ion is less negative compared to 
that of the Sn2+ ion. However, hybrid particles could still be formed due to non-
idealities in the system, such as locally high or low surface energies, mass transport 
effects, etc. An additional test was conducted using the same concentration of CuCl2 
(0.005M), but a higher concentration of SnCl2 (0.02M). The SEM images from this 
cycled felt are shown in Figure 3.9 and Figure 3.10. 
  
Figure 3.9. SEM images of VRB anodes with 0.005M CuCl2 and 0.02M SnCl2 added 
to the anolyte 
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Figure 3.10. SEM images of VRB anodes with 0.005M CuCl2 and 0.02M SnCl2 added 
to the anolyte 
It is evident that the dominant crystal structure in these tests has shifted to primarily 
the disc-like structure. The crystals are distributed broadly and seem to easily grow 
adjacent to one another. The corresponding performances of all of these tests are 
shown in the “Single Cell Testing” part of this report. 
3.3.2 SEM Analysis of Tin and Copper Particles Synthesized Using Different 
Treatments 
Tin and copper salts were thermally treated in an effort to compare the resulting 
morphology of crystals with the directly reduced salts. About ~1g of graphite felt was 
soaked in a 0.01M aquoues solution of copper (II) acetate for 1 hour, after which it 
was heat treated at 400C for 2 hours under flowing N2 gas. The purpose of this 
treatment was to introduce an inert atmosphere, allowing for the reduction of the 
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copper (II) acetate to copper metal. The resulting SEM images are shown in Figure 
3.11. 
  
Figure 3.11. SEM images of 0.01M CuAc, after heat treatment under flowing N2 at 
400C for 2 hours. 
The morphology of the copper particles formed from this method is distinctly different 
than those formed from direct reduction. The disc-like structures from the direct 
reduction studies do not appear, in their place are a series of submicron-sized particles, 
found in clusters on the surface of the felt. These particles seem to be less strongly 
attached to the surface of the felt when compared to the directly reduced case. The 
small particle size is likely a result of the rapid evaporation of solvent and subsequent 
reduction of salt during the heat treatment process. A similar approach was taken with 
tin (II) acetate. Graphite felt was soaked in a solution of 0.01M tin acetate for 1 hour, 
then heat-treated under flowing N2 at 400C for 2 hours. The resulting SEM images are 
shown in Figure 3.12. 
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Figure 3.12. SEM images of 0.01M SnAc, after heat treatment under flowing N2 at 
400C for 2 hours. 
The morphology of the formed crystals is again very different from that formed by the 
direct reduction method. The surface of the felt looks visibly smoother, with some 
micron-sized crystals on the surface. This is likely due to the fact that the melting 
point of tin is about 232C, and the heat treatment used was at 400C. Any formed tin 
crystals likely partially melted and spread along the surface of the graphite felt, greatly 
lowering the surface area of both the felt and the formed tin crystals. This observation 
does give some information about the heat treatment process – it likely indicates that 
the heat treatment does indeed fully reduce the acetate forms of the salts to their 
metallic states, instead of simply drying the solvent or forming oxide forms of the 
salts.  
Great improvements in the performance of the VRBs were realized from the use of 
directly reduced copper salts (see “Single Cell Testing” section), so addition of copper 
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to the system was attempted by using less conventional means. A small amount of 
copper mesh was added to the anode of a VRB and cycled, in an effort to introduce a 
simple copper source. The battery performed poorly, and SEM imaging of the 
resulting felt (see Figure 3.13 and Figure 3.14) showed that the felt was nearly 
completely covered with either copper or copper oxide. 
  
Figure 3.13. SEM images of graphite felt from anode after cycling from test using 
addition of 0.1g copper mesh 
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Figure 3.14. SEM images of graphite felt from anode after cycling from test using 
addition of 0.1g copper mesh 
It is evident from this result that nearly complete coverage of the anode in 
electroactive material is undesirable for battery performance. Much of the copper 
formed a bulky and likely impermeable layer of the surface of the felt from excessive 
reduction of copper ions, which likely increased the internal resistance of the battery. 
3.3.3 SEM Analysis of the Impact of Directly Reduced Tin and Copper Salts on the 
Ion-Exchange Membrane 
Throughout the course of this testing, it was noticed that the addition of small amounts 
of tin and copper salts was affecting the ion-exchange membrane. The membranes 
used in this testing were Nafion 212 membranes, part of a family of perfluorinated-
sulfonated cation exchange membranes. Initial observations occurred when 
disassembling the batteries to which the metal salts were added – the membranes had 
very small color changes compared to previous tests. To study this, the membranes 
95 
were removed from the batteries, dried, and observed using SEM. Images from a 
membrane from one of the tests using 0.005M CuCl2 in the anolyte is shown in Figure 
3.15 and Figure 3.16. 
  
Figure 3.15. SEM images of anode side of Nafion 212 membrane from test where 
0.005M CuCl2 was added to the anolyte. 
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Figure 3.16. SEM images of anode side of Nafion 212 membrane from test where 
0.005M CuCl2 was added to the anolyte. 
These images all show a series of smooth, circular regions on the surface of the 
membrane. These are believed to be metallic copper, which has been directly reduced 
onto the surface of the membrane instead of the graphite felt. Some of these regions 
have coalesced into larger metallic structures. This is expected, as the reducing 
potential in the anode of the battery is impose on anything in contact with the 
electrode. During the construction of the battery, the membrane is pressed firmly 
against the surface of the electrodes in order to reduce internal resistances. Hence, this 
is an inevitable outcome of this modification. This is not a desirable outcome, 
however, as any solid that even temporarily blocks any part of the membrane limits 
the flux of protons through the Nafion, and in turn limits the achievable current 
densities of the battery. This could also pose longer-term negative effects, as it is 
unclear as to how easily these regions are removed upon oxidation (discharging the 
battery). In an effort to mitigate the effects of this phenomenon, a 0.10 mL spray of a 
5% CNT solution in water was sprayed onto the surface of the membrane, which was 
covered by a mash mask in order to create regions of covered and uncovered surface. 
The theory was that the specific regions of covered surface could act as growth 
templates for the copper metal, and the growth could potentially be guided into these 
regions and away from the majority of the membrane. The resulting SEM images from 
this study are shown in Figure 3.17 and Figure 3.18. 
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Figure 3.17. SEM images of anode side of Nafion 212 membrane from test where 
0.005M CuCl2 was added to the anolyte, and a CNT-based spray was used to help 
template the membrane. 
  
Figure 3.18. SEM images of anode side of Nafion 212 membrane from test where 
0.005M CuCl2 was added to the anolyte, and a CNT-based spray was used to help 
template the membrane. 
After analysis using SEM, it is clear that some of the reduced metal ends up covering 
the CNT-coated surfaces of the Nafion membrane. However, the reduced copper still 
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seems to cover other parts of the membrane surface with nearly as much potency as 
was seen without the CNT treatment. This method seems ineffective at addressing this 
issue, although this issue is still worth considering using other means. 
3.3.4 Electrochemical Testing Results – Direct Reduction of Tin 
Each of the aforementioned direct reduction schemes was tested using both cyclic 
voltammetry and electrical impedance spectroscopy to help quantify the impact of the 
additives. Figure 3.19 shows the proof-of-concept CV curves for adding SnCl2 to the 
anolyte of the VRB. 
 
Figure 3.19. CV curves of the unmodified VRB electrolyte, the VRB electrolyte with 
0.1M SnCl2 added, and of only 0.1M SnCl2 dissolved in 4M H2SO4. (Scan rate: 20 
mV/s, vs. Ag/AgCl reference electrode) 
The anodic reaction occurs at about -0.80V (reduction, V3+ to V2+) and -0.45V 
(oxidation, V2+ to V3+) in the unmodified electrolyte. The peak height of the oxidation 
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reaction is minimal, and difficult to measure. When 0.1M SnCl2 alone is dissolved into 
the same supporting acid (4M H2SO4), the resulting CV curve shows Sn2+ reduction 
occurs at about -0.69V and the subsequent oxidation back to Sn0 occurs at about -
0.41V. There is no observed cathodic peak (in the positive region) from the SnCl2 only 
test, as there is no vanadium in the system. When the same concentration of SnCl2 was 
dissolved into the vanadium-based electrolyte, a few interesting changes were noted in 
the CV curve. First, the maximum negative current from the reduction peak of the 
potential sweep was much greater in magnitude than the either the vanadium or tin 
cases individually. This is partially due to the fact that this reduction peak is now a 
convoluted peak of both Sn2+ reduction and V3+ reduction. More importantly, the 
maximum peak potential shifts slightly to the right of the original tin peak, and far to 
the right of the original vanadium peak, likely indicating that the overpotential of the 
vanadium reduction reaction has been greatly reduced. Decreasing the overpotential of 
this reaction is an important indicator that the overall performance of the battery will 
be improved. The kinetics of the vanadium reduction have likely been improved by 
the plating of the tin on the surface of the working electrode. In order to move from 
this proof-of-concept study to more realistic concentrations, another set of CV tests 
were conducted, this time investigating concentrations of 0.005M, 0.01M, and 0.02M 
SnCl2 dissolved in 1M VOSO4 and 4M H2SO4. These curves are shown in Figure 3.20. 
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Figure 3.20. CV curves of the electrolytes consisting of 0.005M, 0.01M, and 0.02M 
SnCl2 dissolved in 1M VOSO4 and 4M H2SO4. (Scan rate: 20 mV/s, vs. Ag/AgCl 
reference electrode) 
The data shown in Figure 3.20 demonstrate that in the tested range of 0.005M to 
0.02M SnCl2, the addition of 0.02M SnCl2 shows the greatest improvement on the 
performance of the VRB. The anodic reduction peak shifts from the unmodified 
position of -0.85V to progressively less negative potentials with the inclusion of 
addition tin salt, indicating a drop in the overpotential of the reaction. The cathodic 
peak is mostly unchanged, as expected, as the SnCl2 will how redissolved into the 
electrolyte as the potential is swept through increasingly positive potentials.  These 
results suggest that SnCl2 can be added to the VRB to improve performance. In order 
to further probe these effects, EIS testing was conducted on the 0.005M SnCl2 case to 
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see the impact on the internal resistances of the cell. The results are shown in Figure 
3.21. 
 
Figure 3.21. Electrical Impedance Spectroscopy of the unmodified (pristine) 
vanadium electrolyte and vanadium electrolyte with 0.005M SnCl2 added. (AC 
Voltage: 1mV, Frequency range: 104 Hz to 10-2 Hz) 
The results from EIS testing show that the ohmic resistance in the cell is nearly the 
same for both of the cases, and is estimated to be about 0.15 Ohms. This is expected, 
as this represents a lumped term for all of the internal resistances in the cell. The 
charge transfer resistance, however, is very clearly different for the two cases. The 
charge transfer resistance for the pristine case is about 0.15 Ohms, while it is closer to 
0.01 Ohms for the case with SnCl2 added. This indicates a much lower resistance to 
charge transfer as a result of the addition of SnCl2.  
3.3.5 Electrochemical Testing Results – Direct Reduction of Copper 
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A similar procedure was used to investigate the use of CuCl2 salt in the anolyte of the 
VRB. CV testing was conducted on the VRB electrolyte, a solution of 0.1M CuCl2 
dissolved into 4M H2SO4, and 0.1M CuCl2 dissolved into the VRB electrolyte. The 
results are shown in Figure 3.22. 
 
Figure 3.22. CV curves of the unmodified VRB electrolyte, the VRB electrolyte with 
0.1M CuCl2 added, and of only 0.1M CuCl2 dissolved in 4M H2SO4. (Scan rate: 20 
mV/s, vs. Ag/AgCl reference electrode) 
It is evident that the CuCl2 greatly improves the kinetics of the anodic reaction, as 
shown by the large shift in the overpotential. The unmodified electrolyte has an anodic 
reduction peak at about -0.75V, this peak shifts to nearly -0.60V upon the addition of 
0.1M CuCl2. There is also a much more prominent oxidation peak associated with the 
anodic reaction, as seen at about -0.50V. This indicates a large improvement in the 
kinetics of the oxidation of V2+ to V3+ as compared to the unmodified electrolyte. 
There are two sets of oxidation and reduction peaks from the CuCl2, which occur due 
103 
to the Cu2+ó Cu+ reaction, and the Cu2+ ó Cu0 reaction. The peaks from the 
vanadium reaction are still apparent. The cathodic peak (+1.05V) seems to increase 
with the addition of the CuCl2; this may be a contribution from some of the CuCl2 not 
fully redissolving into the electrolyte upon oxidation. CV curves of more realistic 
concentration of CuCl2 were collected, including 0.005M, 0.01M, and 0.02M CuCl2. 
These data are presented in Figure 3.23. 
 
Figure 3.23. CV curves of the electrolytes consisting of 0.005M, 0.01M, and 0.02M 
CuCl2 dissolved in 1M VOSO4 and 4M H2SO4. (Scan rate: 20 mV/s, vs. Ag/AgCl 
reference electrode) 
The impact of the CuCl2 on the vanadium anodic reaction differs slightly from the 
SnCl2 case. The trend of the reduction part of the anodic reaction is as expected – as 
more CuCl2 is added, the peak height increases and the peak potential shifts to the 
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right, indicating a drop in the overpotential of the reaction. However, the oxidation 
part of the anodic reaction shows a different trend – the peak height of the 0.005M 
CuCl2 case is the highest, compared to the cases with additional CuCl2 this may 
indicate that the lowest concentration of CuCl2 tested may allow for the best 
reversibility of vanadium redox reaction, which is indicative of better overall VRB 
performance. The peak from the reduction part of the anodic reaction seems to 
indicate that additional CuCl2 increases the current from the reduction reaction. It is 
possible for both of these phenomena to be occurring simultaneously, although their 
holistic impact will be convoluted in the overall performance of the battery. The lower 
concentrations of CuCl2 tested do not seem to have any impact on the cathodic 
reaction. 
3.3.6 Electrochemical Testing Results – Direct Reduction of Hybrid System of Tin and 
Copper 
A hybrid of these two approaches was tested by adding equilmolar amounts of both 
salts to a dilute version of the vanadium electrolyte. The purpose of this test was to 
explore whether any synergistic effects could be realized by including salts of both 
elements. In theory, the copper should reduce before the tin, which should both be in a 
fully reduced form before the vanadium reduction occurs. The CV curves from this 
study are shown in Figure 3.24. 
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Figure 3.24. CV curves of the electrolytes consisting of 0.05M VOSO4 in 4M H2SO4, 
0.01M SnCl2 + 0.05M VOSO4 in 4M H2SO4, 0.01M CuCl2 + 0.05M VOSO4 in 4M 
H2SO4, 0.005M CuCl2 + 0.005M SnCl2 + 0.05M VOSO4 in 4M H2SO4. (Scan rate: 20 
mV/s, vs. Ag/AgCl reference electrode) 
The data from CV testing indicate that a hybrid system of SnCl2 and CuCl2 should be 
an effective additive system to the VRB electrolyte. This is shown in the large shift in 
peak potential in the anodic reaction. The analysis of the hybrid system is somewhat 
less trivial than the single salt systems, as the tin reduction peak occurs very close to 
the vanadium reduction peak, nearly obscuring it. A careful examination of the peaks 
shows that the reduction of tin occurs at about -0.55V, whereas the reduction of 
vanadium occurs at about -0.58V. There is a small shoulder on the larger peak where 
these data are observed. While the potential of the hybrid peak has shifted to the right 
from the pristine and copper only cases, the height of the peak has also dropped 
slightly, indicating a limitation on the corresponding current generated from the 
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vanadium reduction reaction. The oxidation peak of the anodic reaction is convoluted 
in the oxidation peak from the tin oxidation reaction, and the magnitude of the impact 
on the vanadium reaction is difficult to discern. The overarching message from these 
data is that a hybrid system may improve the kinetics, although potentially lower the 
overall capacity of a VRB.  
3.3.7 Single Cell Testing Results – Direct Reduction of Tin  
A series of small amounts of SnCl2 were dissolved into the vanadium electrolyte to 
make solutions of concentrations 0.005M, 0.01M, 0.02M, and 0.04M SnCl2. Under 
normal circumstances, the VRB goes through a two-step process to begin cycling. The 
first step involves starting with equal volumes of 1M VOSO4 dissolved in 4M H2SO4 
as the anolyte and catholyte. Both the anolyte and catholyte consist of vanadium in the 
V4+ state. The battery is then cycled under constant current conditions (at the low 
current density of 30 mA/cm2) to convert the V4+ in the anode to V3+, and the V4+ in the 
cathode to V5+. The V5+ in the cathode is then removed and replaced with a equal 
volume of V4+, and normal charging and discharging can commence. This is one 
approach to ensuring the battery has V2+ in the anode and V5+ in the cathode when it is 
fully charged. The tin salt additives were added after the initial charge step, after 
removal and replacement of the catholyte had occurred. The tests using the various 
concentrations of SnCl2 were analyzed using Colombic Efficiency, Voltaic Efficiency, 
Energy Efficiency, and Discharge Capacity as evaluation metrics. The plots showing 
these data are in Figure 3.25, Figure 3.26, Figure 3.27, and Figure 3.28, respectively. 
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Each data point shown for the various efficiencies represents the average of five cycles 
at the given current density, for purposes of clarity. 
 
Figure 3.25. Coulombic Efficiency vs. Current Density for various concentrations of 
SnCl2 added to the anolyte. 
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Figure 3.26. Voltaic Efficiency vs. Current Density for various concentrations of 
SnCl2 added to the anolyte. 
 
Figure 3.27. Energy Efficiency vs. Current Density for various concentrations of 
SnCl2 added to the anolyte. 
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Figure 3.28. Discharge Capacity vs. Cycle Number (Current Density) for various 
concentrations of SnCl2 added to the anolyte. Cycle number is listed below the x-axis; 
Current Density for each block of five cycles is listed above the x-axis, in red. 
The Coulombic Efficiencies (Figure 3.25) are largely unchanged by the addition of 
SnCl2. They show the characteristic trend of steadily increasing as a function of 
current density. This phenomenon is likely due to the shorter time during charge and 
discharge cycles, which limits the amount of vanadium ion crossover through the 
Nafion membrane. For instance, the total time for a single charge and discharge cycle 
at 30 mA/cm2 is about 120 minutes, the equivalent for 180 mA/cm2 is about 13 
minutes. The difference in diffusion across the membrane during that time is not 
negligible, and is observed in the Coulombic Efficiency data. Another point to note is 
the relatively low Coulombic Efficiencies at low current densities, which trend to 
lower values with increasing SnCl2 concentration. This is likely due to capacity 
contributions from the reduction of tin that are not realized in the discharge capacity, 
as they either are not reoxidized into the salt form, or they are lost via shear from the 
electrolyte convection. The Voltaic Efficiency data (Figure 3.26) shows the true 
impact of the addition of SnCl2 to the system. There is a clear trend of increasing 
Voltaic Efficiency as a function of adding additional SnCl2 at the current densities 
tested. This trend is accompanied by an extension of the accessible current density 
ranges, as the battery is able to charge and discharge at constant currents up to 180 
mA/cm2. This is a clear improvement over the previous ranges observed in the pristine 
case. As the concentration of SnCl2 is increased, the Voltaic Efficiency increases 
accordingly, but this trend seems to reach a maximum at between 0.02M SnCl2 and 
0.04M SnCl2, as observed by the loss of current density range. The 0.04M SnCl2 case 
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could only discharge at a maximum of 150 mA/cm2. This is likely due to the formation 
of tin crystals that have grown larger than is useful for the system. In general, it is 
believed that small, uniform distributions of metal crystals create ideal templates upon 
which the vanadium redox reaction can occur. As these crystals grow in size, much of 
the potential reaction site surface area is lost in the bulk of the crystals, causing a drop 
in overall activity. Another theory is that larger crystals are easier to remove via shear 
from electrolyte convection. The voltaic efficiency may also be artificially high due to 
the tin reduction and oxidation contributing to the overall voltage of the battery at 
higher SnCl2 concentrations, but are in practice actually limiting reaction sites. The 
Energy Efficiency (Figure 3.27) shows the overall effect of the SnCl2 treatment. The 
Coulombic Efficiencies are nearly identical for the various cases tested, so the Energy 
Efficiency data tend to resemble identical trends as those seen in the Voltaic 
Efficiency data. When examining the discharge capacity data (Figure 3.28), a trend of 
increasing capacity as a function of SnCl2 concentration is found. This trend continues 
for increasing current densities, up to 180 mA/cm2. This trend stops abruptly with the 
addition of 0.04M SnCl2, which shows a very different discharge capacity profile. It is 
common to see the discharge capacity of a battery decrease as a function of increasing 
current density, and this trend is seen for the majority of these data. The case of 0.04M 
SnCl2 is peculiar, as the capacity increases with increasing current density, until it 
stops at 150 mA/cm2. The development of this behavior is seen in the early cycles of 
the 0.02M SnCl2 case, and very mild effects are seen during very early cycles of the 
0.01M and 0.005M cases as well. This effect is attributed to the incomplete reduction 
of the SnCl2 upon the surface of the graphite felt anode. It is theorized that at 0.04M 
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SnCl2, the concentration of added salt is high enough that the reduction occurs over a 
series of cycles, instead of all during each cycle. The metallic tin is not reoxidized into 
an ionic form effectively, but unreduced SnCl2 adds metallic tin to the existing crystals 
with each cycle. Thus, the discharge capacity that is measured for each cycle includes 
a contribution from additional tin reduction. This effect continues until the ionic tin 
cycling through the cell has been depleted. The lower discharge capacity observed in 
the 0.04M SnCl2 case is likely due to limited contributions from vanadium reduction, 
as the high amount of tin deposited on the surface of the graphite felt causes large 
clusters of crystals which begin to inhibit the vanadium redox reaction due to their 
density. This claim is supported by the fact that the current density range in the 0.04M 
SnCl2 case is limited compared to lower concentrations tested – too much tin 
deposition increases internal resistances in the cell. Based on these results, it can be 
concluded that an ideal concentration of SnCl2 to add to the anolyte of a VRB is 
between 0.02M and 0.04M. 
3.3.8 Single Cell Testing Results – Direct Reduction of Copper 
 A series of small amounts of CuCl2 were dissolved into the vanadium electrolyte to 
make solutions of concentrations 0.005M, 0.01M, and 0.02M CuCl2. As with the 
SnCl2 testing, the copper salt additives were added after the initial charge step during 
the VRB setup. The tests were analyzed using Colombic Efficiency, Voltaic 
Efficiency, Energy Efficiency, and Discharge Capacity as evaluation metrics. The 
plots showing these data are in Figure 3.29, Figure 3.30, Figure 3.31, and Figure 3.32, 
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respectively. Each data point shown for the various efficiencies represents the average 
of five cycles at the given current density. 
 
Figure 3.29. Coulombic Efficiency vs. Current Density for various concentrations of 
CuCl2 added to the anolyte. 
113 
 
Figure 3.30. Voltaic Efficiency vs. Current Density for various concentrations of 
CuCl2 added to the anolyte. 
 
Figure 3.31. Energy Efficiency vs. Current Density for various concentrations of 
CuCl2 added to the anolyte. 
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Figure 3.32. Discharge Capacity vs. Cycle Number (Current Density) for various 
concentrations of CuCl2 added to the anolyte. Cycle number is listed below the x-axis; 
Current Density for each block of five cycles is listed above the x-axis, in red. 
The Coulombic Efficiencies (Figure 3.29) generally increase as a function of current 
density, as expected. The highest concentration tested, 0.02M CuCl2, shows a small 
drop in efficiency during lower current densities. This is due to a loss in discharge 
capacity during the first cycle after every increase in current density during the 
ramping study, which is likely caused by capacity from additional copper deposition 
that is not redissolved upon discharge. This phenomenon is not observed in the lower 
concentrations tested. The Voltaic Efficiencies (Figure 3.30) show that lower 
concentrations of CuCl2 yield higher voltaic efficiencies. The difference in Voltaic 
Efficiency between the 0.005M and 0.01M cases is minor, but it seems that the lower 
concentration case yields slightly higher values, and extends the current density range 
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to 200 mA/cm2. The Voltaic Efficiencies from the 0.02M are clearly lower than that of 
the other two cases tested. Similar to the SnCl2 case, the Energy Efficiencies (Figure 
3.31) show nearly identical trends as seen in the Voltaic Efficiencies. The discharge 
capacities show similar trends as seen in the efficiency data, with the 0.005M CuCl2 
case showing the highest capacities. Interestingly, the 0.02M CuCl2 case shows lower 
discharge capacities than the Pristine case. This is likely due to excessive coverage of 
the surface of the graphite felt with metallic copper, which may limit performance. It 
could also be due to a larger charge capacity contribution from forming copper 
particles, which could be removed via shear from convective flow of electrolyte, 
limiting their ability to reoxidize and contribute to the discharge capacity. 
3.3.9 Single Cell Testing Results – Direct Reduction of Tin + Copper Hybrid Systems 
Based on the promising results from using SnCl2 and CuCl2 as anodic catalysts in the 
VRB, hybrid systems were tested to probe for any synergistic effects from bimetallic 
systems. The general approach used for these tests was to take the best case observed 
from the CuCl2 system, the use of 0.005M CuCl2, and test a series of varying amount 
of SnCl2. As with the SnCl2 and CuCl2 testing, the salt additives were added after the 
initial charge step during the VRB setup. The tests were analyzed using Colombic 
Efficiency, Voltaic Efficiency, Energy Efficiency, and Discharge Capacity as 
evaluation metrics. The plots showing these data are in Figure 3.33, Figure 3.34, 
Figure 3.35, and Figure 3.36, respectively. Each data point shown for the various 
efficiencies represents the average of five cycles at the given current density. 
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Figure 3.33. Coulombic Efficiency vs. Current Density for various concentrations of 
CuCl2 + SnCl2 added to the anolyte. 
 
Figure 3.34. Voltaic Efficiency vs. Current Density for various concentrations of 
CuCl2 + SnCl2 added to the anolyte. 
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Figure 3.35. Energy Efficiency vs. Current Density for various concentrations of 
CuCl2 + SnCl2 added to the anolyte. 
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Figure 3.36. Discharge Capacity vs. Cycle Number (Current Density) for various 
concentrations of SnCl2 and CuCl2 added to the anolyte. Cycle number is listed below 
the x-axis; Current Density for each block of five cycles is listed above the x-axis, in 
red. 
The Coulombic Efficiencies (Figure 3.33) generally increase as a function of current 
density, as seen in previous cases. The equimolar case of 0.01M SnCl2 + 0.01 CuCl2 is 
the case that shows any discernable difference from other tests. This is also the only 
test that uses 0.01M CuCl2 instead of 0.005M CuCl2, which may be contributing to 
irreversible copper deposition contributing to the charge capacities. The Voltaic 
Efficiencies (Figure 3.34) show reasonably similar values for the various cases tested. 
Interested observations include the limited current density range for the case with 
0.005M CuCl2 + 0.04M SnCl2. This limited range is similar to the test using 0.04M 
SnCl2 only, which was theorized to reduce at a slower rate during cycling as a result of 
excess SnCl2. The addition of 0.005M CuCl2 seemed to exacerbate the issues with 
current density, lowering the range from 150 mA/cm2 to 100 mA/cm2. Another 
observation is of the case with the highest Voltaic Efficiency, 0.005M CuCl2 + 0.02M 
SnCl2. These concentrations are the same as the cases with the highest Voltaic 
Efficiencies in the single salt testing, indicating that these concentrations are local 
optimums, even when coupled with another element. The performance of the 0.005M 
CuCl2 + 0.02M SnCl2 case outperforms the 0.02M SnCl2 case, but shows very similar 
Voltaic Efficiencies compared to the 0.005M CuCl2 case, indicating that the SnCl2 is 
not inhibiting performance, but not necessarily helping it. The Energy Efficiencies 
(Figure 3.35) show similar results as the Voltaic Efficiencies. The discharge capacities 
(Figure 3.36) show similar results to the Voltaic Efficiencies, with the 0.005M CuCl2 
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+ 0.02M SnCl2 case demonstrating the highest discharge capacities of the hybrid tests. 
When looking at these tests from a holistic perspective, the 0.005M CuCl2 + 0.02M 
SnCl2 case shows the highest Energy Efficiency and discharge capacity, and can be 
deemed the most favorable result from the hybrid tests. When compared to the single 
salt tests, the 0.005M CuCl2 + 0.02M SnCl2 case has a very similar Voltaic Efficiency 
profile to the best single element case (0.005M CuCl2), and a slightly higher discharge 
capacity. The higher discharge capacity may be a function of contributions from the 
additional SnCl2 added, instead of contributions from additional vanadium reduction. 
Based on these results, it is recommended that the 0.005M CuCl2 + 0.02M SnCl2 case 
be used, although the 0.005M CuCl2 case is only subtly less impressive in 
performance. In any case, nearly all of the salts and salt combinations tested in the 
direct reduction studies of tin and copper greatly improved the performance of the 
VRB. 
3.3.10 Single Cell Testing Results – Tin and Copper Particles Synthesized Using 
Different Treatments 
In an effort to test if the method by which the metallic particles were formed has an 
impact on their performance in the VRB, copper and tin particles were formed using 
different treatments. These treatments primarily involved using copper (II) acetate and 
tin (II) acetate, and testing their effects in tandem with varying concentrations of 
CuCl2. The main goal of these experiments was to attempt to seed the crystal growth 
from the directly reduced CuCl2 based particles with crystals growth using thermal 
reduction treatments. Typically, these treatments involved soaking the graphite felt in 
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an aqueous copper acetate solution, followed by a heat treatment under an inert gas to 
reduce the metal. These felts were then put in the anode of the VRB, to which varying 
amounts of CuCl2 was added for direct reduction. It was thought that the thermal 
treatments could provide more controlled morphological control over the direction of 
the growth of the crystals, and limit the randomness that was observed from SEM 
imaging. This was thought to potentially yield better overall VRB performance. As 
with the previous studies, battery tests were analyzed using Colombic Efficiency, 
Voltaic Efficiency, Energy Efficiency, and Discharge Capacity as evaluation metrics. 
The plots showing these data are in Figure 3.37, Figure 3.38, Figure 3.39, and Figure 
3.40, respectively. They are presented with the original CuCl2 only data, for the 
purposes of comparison. Each data point shown for the various efficiencies represents 
the average of five cycles at the given current density. 
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Figure 3.37. Coulombic Efficiency vs. Current Density for various concentrations of 
CuCl2, thermally reduced Copper acetate + directly reduced CuCl2, and other methods 
of particle growth. 
 
Figure 3.38. Voltaic Efficiency vs. Current Density for various concentrations of 
CuCl2, thermally reduced Copper acetate + directly reduced CuCl2, and other methods 
of particle growth. 
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Figure 3.39. Energy Efficiency vs. Current Density for various concentrations of 
CuCl2, thermally reduced Copper acetate + directly reduced CuCl2, and other methods 
of particle growth. 
 
Figure 3.40. Discharge Capacity vs. Cycle Number (Current Density) for various 
concentrations of CuCl2, thermally reduced Copper acetate + directly reduced CuCl2, 
and other methods of particle growth. Cycle number is listed below the x-axis; Current 
Density for each block of five cycles is listed above the x-axis, in red. 
The Coulombic Efficiencies (Figure 3.37) are reasonably high during every current 
density for the test cases with copper acetate added. This is likely due to the fact that 
there is less irreversible deposition of copper on the graphite felt during each cycle. 
This could either indicate that some fraction of the added CuCl2 is staying in solution, 
or that there are reasonably high levels of reoxidation of copper metal into ionic form. 
The fact that there are not coulombic efficiency levels greater than 100% also could 
indicate there are minimal contributions to the discharge capacity of the battery from 
the preformed copper particles. An examination of the Voltaic Efficiencies (Figure 
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3.38) shows that nearly every case tested with a combination of copper acetate and 
CuCl2 performed less well than the equivalent CuCl2 test. This indicates that the use of 
copper particles formed via thermal reduction from copper acetate underperform 
copper crystals formed through direct reduction. The exact reason for this is likely 
found in the formation process – the thermal reduction process forms crystals 
reasonably quickly, and potentially does not completely reduce the crystals to copper, 
but to forms of copper oxide. The direct reduction process also allows for a slower, 
more controlled crystal growth process, which may yield more highly active copper 
particles when compared to the thermal reduction. The trends in the CuAc + CuCl2 
data confirm the trends seen in the CuCl2 data alone – the addition of more CuCl2 is 
detrimental to the Voltaic Efficiency of the VRB. There is also a clear drop-off in 
performance between both sets of 0.01M CuCl2 and 0.02M CuCl2, indicating some 
saturation threshold at which the formation of solid copper particles starts to inhibit 
vanadium reduction. The data from the copper acetate alone also demonstrates poor 
performance compared to all cases tested, with the exception of the Pristine case. The 
tin acetate and copper foil cases both performed unremarkably, and were not pursued 
further. The Energy Efficiencies (Figure 3.39) show similar results to the Voltaic 
Efficiencies. The discharge capacities (Figure 3.40) show predictably similar data 
when compared to the Voltaic Efficiencies. The copper foil case shows relatively high 
discharge capacities during early cycles, likely because the foil is readily oxidized 
upon discharge, contributing to the discharge capacity. The free copper ions then 
redeposit on the surface of the graphite felt in large quantities upon charging, 
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saturating the surface with copper (see Figures 3.13 and 3.14) and limiting surface 
area of the anode and hence current density range of the VRB. 
3.4. Conclusions 
A series of tests using various concentrations of SnCl2, CuCl2, CuAc, SnAc, and 
hybrid systems thereof were used to improve the kinetics of the anodic reaction in a 
VRB. Nearly every system tested improved the performance of the VRB when 
compared to the Pristine case. It was found that the case using 0.005M CuCl2 
dissolved into the anolyte for the purposes of direct reduction showed the best 
performance in terms of Energy Efficiency and current density range. A hybrid system 
using 0.005M CuCl2 and 0.02M SnCl2 showed a similarly high Voltaic Efficiency, and 
a slightly high discharge capacity, making the case for the exploration of local 
optimization in bimetallic systems. The direct reduction tests outperformed the 
thermal reduction tests in every circumstance observed, indicating that while the 
concentration of starting metal salt may be the same, the quality and performance of 
the metal particles depends strongly on the process used to create them. Further 
investigation is needed to fully understand what is occurring at a chemical and 
crystallographic level in these cases. Another general observation was that lower 
concentrations of particles can often yield better results, through highly-active small 
particles contributing to a large surface area. It is clear that exposure of at least some 
part of the graphite felt to the electrolyte is necessary for successful performance. It is 
also recommended that investigation into the impact of direct reduction of metal 
particles on the ion flux through the Nafion membrane be considered, based on wide-
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ranging metal particle deposition on the surface of the membrane as observed through 
SEM imaging. The use of directly reduced copper and tin particles show great promise 
for improving VRB performance. 
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CHAPTER 4 
 
LEAD-BASED PARTICLES AS HIGHLY ACTIVE ELECTROCATALYSTS FOR 
ALL-VANADIUM AQUEOUS REDOX FLOW BATTERY ANODES 
 
ABSTRACT: A series of synthetic methods were investigated for creating lead-based 
particles on the surface of graphite felts for use in the anode of aqueous all-vanadium 
redox flow batteries. This involved using chemical means to create both metallic lead 
and lead oxide particles deposited on the surface of graphite felts. The various 
methods were first analyzed using electrochemical characterization, to help determine 
the most favorable state of oxidation of the lead-based particles. The performance of 
these felts was then assessed in a single cell vanadium redox flow battery at a series of 
current densities. It was found that the formation of tetragonal lead monoxide 
(litharge) particles yielded the best results of all tested systems, with a voltaic 
efficiency of 77.2% at a high current density of 200 mA/cm2. The best cases observed 
showed stable cycling for longer periods of time, again demonstrating the subtle but 
important differences in the state of oxidation of lead-based particles in reducing 
acidic environments. This work suggests the use of lead monoxide particles as simple 
and effective electrocatalysts for use in an aqueous vanadium redox flow battery. 
4.1. Introduction 
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Redox flow batteries have demonstrated the promise to be stable, reasonably low-cost, 
long-term electrical storage methods.1-7 The aqueous all-vanadium redox flow battery 
system (VRB) has been of special interest for many years due to its chemical stability, 
long cycle life, and potential for high electrical capacity. Despite these advantageous 
properties, VRBs have consistently been handicapped by their reasonably high capital 
costs and relatively low power density compared to other large-scale electrical storage 
methods. Wide-ranging studies have been conducted to investigate and improve these 
metrics.8,9 
The all-aqueous VRB operates using two vanadium based redox couples: VO2+ 
and VO2+ in the catholyte, V2+ and V3+ in the anolyte. These redox couples are 
simultaneously oxidized and reduced upon charging and discharging, via a one-
electron process. A number of factors can impact the performance of these batteries, 
including the cell configuration, flow properties, and polarization resistance. 
From a chemical perspective, one of the main limitations of a VRB is the 
comparatively slow kinetics of the vanadium redox reaction in the anolyte. The anodic 
reaction has been determined to be the rate-limiting step during cycling in VRBs. 
Balancing the reaction rates in the anode and cathode is likely one of the most 
essential advances that can be made at the laboratory scale to advance this technology. 
To that end, a number of efforts have been made to improve the electrochemical 
performance of the VRB by changing the surface properties of the anode. This has 
included a large body of work using carbon materials, such as adding various highly 
conductive carbons to graphite felts10-19 and membranes20-24, carbonizing electrodes via 
specific heat treatments, and synthesizing electrodes out of specially developed high 
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surface area carbon materials. Carbon felts have been modified via nitrogen doping25-
29, and with stable, oxygen-rich surface groups, such as –OH, –OSO3, and –OPO3.30-42 
Other work has been focused on decorating carbon materials with metal particles, 
including Pt43,44, Bi45, Cu46, Ir47, Sn48, Sb49, and Ti50. Many of these treatments are not 
particularly stable over many cycles, as particles can have poor adherence to carbon 
electrodes. In some of the testing using directly reduced soluble salts, the reduced salts 
will slowly deposit on the surface of the ion-exchange membrane, limiting lifespan. 
Some work has been conducted to examine less costly metal oxide particles used in 
the anode, including Mn3O451,52, NiO53, Ta2O554, MoO355, WO356, ZrO257, RuO258, TiO259, 
and CeO260. Many of these treatments make use of expensive transition metal oxides, 
and some approaches use lengthy synthesis techniques that are not particularly 
scalable. An ideal candidate for this application is an inexpensive, electrochemically 
active metal oxide that can be synthesized through a simple scheme. 
Lead and lead oxides have been used in electrochemical devices dating to the 
mid-19th century. They have long been used as reliable components of lead-acid 
batteries, but have only found limited use in other electrochemical systems.61-63 Lead 
has a series of distinctive oxide forms, each with properties that can be explored and 
exploited in other systems.64 Some of these oxides have reasonably high electrical 
conductivity, and adhere well to carbon surfaces.65 Lead is inexpensive, abundant, and 
is already widely supplied throughout the world, making it an interesting candidate for 
use as an additive to VRB systems.62,63 Little work has been investigated using forms 
of lead in VRBs.66 To our knowledge, no work has been previously conducted on 
using lead-based particles in VRB anodes. 
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The following work investigates the chemistry, performance, and stability of 
lead-based particles as electrocatalysts used in the anode of the VRB. Dramatic 
improvements in the energy efficiency and discharge capacity of VRBs are observed, 
and potential explanations for this enhanced performance are discussed.  
 
4.2. Methods 
4.2.1 Various synthetic methods for creating lead-based particles. Three different 
synthetic schemes were used to create lead-based particles on the surface of pristine 
graphite felts. These methods were designed to test the efficacy of different types of 
lead compounds and crystal structures to better elucidate their effects on kinetic 
activity in the anolyte of the VRB. Each method used 1.0g of 3mm thick graphite felt 
placed in a 200mL Teflon-lined reaction vessel, to which 0.1g Pb(NO3)2 dissolved in 
100mL DI water was added as a starting step. This was followed by dropwise addition 
of a 1M NaOH solution to increase the alkalinity of the water to pH 9, usually about 
20-30 drops. The subsequent treatments are summarized in Figure 4.1.  
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Figure 4.1. Post-Treatment Methods. Lead hydroxide particles were formed on all 
felts, then underwent no post treatment (I), heating under flowing Argon (II), and 
heating under flowing H2/Argon (III). 
Method I used a modest heating step (60C for 3 hours), followed by drying in a 
vacuum oven at 60C for 1 hour. Method II used the same initial heating step, followed 
by drying, followed by a short heat treatment under flowing Argon at 300C for 2 
hours. Method III is identical to Method II, but instead is heat-treated using a 5% H2: 
95% Argon gas mixture at 300C for 2 hours. Each of these felts was put directly in the 
VRB anode upon completion of modification. 
4.2.2 Single-Cell Testing. The single cell setup consisted of the cell and two glass 
containers for electrolyte storage. Electrolyte was pumped through ¼” I.D. tubing to 
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and from the flow cell (Tygon 2375 Ultra tubing, Watson-Marlow 323E Pump). Each 
side of the cell consisted of symmetric acrylic end plates with push-to-connect tube 
fittings, a graphite current collector, a Viton gasket, a polypropylene flow frame, and 
an HDPE gasket. These components were separated by a Nafion 212 membrane (50 
um thick). The total exposed area of the membrane and graphite current collector was 
15 cm2 (a 5 cm by 3 cm rectangle). Each side of the cell had a 2 mm space between 
the membrane and current collector, in which a piece of 3 mm thick porous graphite 
felt (PAN-based, AVCarb) was compressed for good electrical contact. The electrolyte 
used in all tests was 1M VOSO4 (Alfa Aesar) in 4M H2SO4. The electrolyte volume 
used was 25 mL for the catholyte and anolyte, with a flow rate of 30 mL/min. Each 
container of electrolyte was purged of air prior to testing by covering the electrolyte 
with a blanket of argon and sealing well. Current densities between 50 mA/cm2 and 
200 mA/cm2 were explored. All single-cell cycling testing was carried out using a 
battery analyzer (3A/5V, MTI). Cycling involved charging and discharging repeatedly 
at a specified constant current density. The upper cutoff voltage was set at 1.7 V, the 
lower cutoff voltage was set at 0.8 V. Cycling tests were assessed by coulombic 
efficiency, voltaic efficiency, energy efficiency, and capacity retention.  
4.2.3 Electrochemical Measurements. Electrolytes were assessed using Electrical 
Impedance Spectroscopy (EIS) testing to measure the changes in resistance in the cell 
both with and without the addition of APS to the surface of the graphite felt. An 
electrolyte consisting of 0.20M H2SO4 and 0.05M VOSO4 was used for all testing. An 
AC voltage of 1 mV amplitude was used over a frequency range of 104 Hz to 10-3 Hz 
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to generate Nyquist plots of the pristine and modified cases. Cyclic voltammetry (CV) 
was also performed on the electrolytes at rates of 10, 20, and 50 mV/s in a three-
electrode glass cell, using the above-mentioned electrolyte. The working electrode 
consisted of a precisely massed piece of graphite felt, skewered on a platinum wire to 
provide high electrical conductivity. The mass of graphite felt used was 25 mg, a mass 
that was chosen out of convenience based on the corresponding size of graphite felt. 
The platinum wire was always kept out of the electrolyte, leaving 5mm of the graphite 
felt out of the solution. This procedure allowed for consistent analytical testing. The 
reference electrode used was Ag/AgCl, the counter electrode used was a platinum 
mesh (52 mesh, Alfa Aesar) attached to platinum wire to provide a large surface area. 
A potential range between -1.2 V and +0.4 V was explored.  
4.2.4 Materials Characterization. The treated graphite felts were characterized using 
a variety of analytical techniques. Felts were optically inspected using SEM to observe 
any visual changes to their surfaces, and to analyze particle formation. XRD was used 
to determine the lead-based particle composition and state of oxidation after each 
treatment. High-resolution XPS analysis was used to determine the bonding 
environment of particles formed on the surface of the graphite felt, and the relative 
concentrations of the different elements. 
 
4.3. Results and Discussion 
The purpose of these treatments was to probe the effects of using different post-
treatments on lead-based particles to improve the kinetics of the anodic reaction in the 
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aqueous VRB. The idea for using lead-based particles came in part from the wide 
usage of lead as a component in lead-acid batteries. Lead is widely abundant, 
inexpensive, and readily available when compared to various other metals. There are 
large supplies of used lead from retired lead-acid batteries that can be repurposed for 
use in other electrochemical systems.61-63 Lead salts also happen to be highly insoluble 
in sulfuric acid, forming lead sulfate as described in equation 1: 
       (1) 
This reaction was viewed with an interest in the formation of these particles, as lead 
sulfate tends to have low electrical conductivity, but a high oxygen content, which has 
been shown to be beneficial to the vanadium reduction reaction in previous works.31-
33,35,36 The initial strategy was to avoid the direct synthesis of lead sulfate, although it 
was expected that some amount would form during cycling, regardless of synthetic 
method. This limited the ability to directly dissolve a lead salt into the electrolyte, as 
has been investigated in previous studies using soluble metal salts in the anolyte of 
VRBs.45,46,48,49  While metallic lead has reasonably high electrical conductivity, it was 
assumed that its stability in an acidic, reducing environment is limited. The formation 
of lead sulfate on the surface of lead particles is highly likely in an environment such 
as a VRB. The standard reduction potential of metallic lead is shown in equation 2, 
      E = -0.126V vs. SHE (2) 
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      E = -0.255V vs. SHE (3) 
which is a more positive potential than the anodic reaction (equation 3) in the VRB.67 
This implies that should any metallic lead be present in the system, it is susceptible to 
oxidation upon discharging of the VRB, leading to the formation of Pb2+ ions. It was 
theorized that these ions would rapidly form PbSO4, and may be detrimental to VRB 
performance. To that end, a synthesis strategy utilizing more stable lead oxides was 
pursued. Theory shows that forms of PbO2 tend to have reasonably positive standard 
reduction potentials to form undesirable products, as shown in equations 4 and 5: 
   E = 1.455V vs. SHE (4) 
  E = 1.691V vs. SHE (5) 
Alternatively, PbO is more stable and requires a strong negative potential to reduce it 
to metallic lead, as shown in equation 6: 
    E = -0.580V vs. SHE (6) 
The standard reduction potential of PbO is more negative than that required for the 
vanadium reduction reaction, and should therefore not be greatly affected by the 
cycling process. In order to test this theory, lead particles were made using chemical 
means. The initial synthetic step of using a simple base to create lead particles in a 
water solution has been previously demonstrated to be effective at precipitating metal 
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hydroxide particles from aqueous solutions.68,69 The choice to adjust the alkalinity of 
the lead salt bath to pH 9 is due to the fact that an excessively alkaline conditions in 
solution will limit the formation of the desired product, insoluble lead hydroxide 
(equation 7), and will begin to form soluble plumbate ions (equation 8), which are less 
desirable for this application.70 
      (7) 
     (8) 
Once the lead hydroxide particles have formed on the surface of the graphite felt, three 
methods were used as post-treatment. Method I simply dried the graphite felt and used 
it in the lead hydroxide form. Method II consisted of a heat-treatment step under 
flowing Argon. Argon is an inert gas that can be used as a mild reducing agent in 
elevated temperatures without greatly affecting the graphite felt. The purpose of this 
step was to create PbO particles. Method III used a similar heat-treatment step under a 
mixture of 5% H2 and 95% Argon gasses. This was used as a more aggressively 
reducing step to further convert the particles from lead hydroxide to metallic lead. The 
temperature of this step was also an important consideration, as metallic lead melts at 
about 327C. While the various lead oxides melt at much higher temperatures, this 
treatment was conducted at 300C to prevent melting of the particles upon conversion 
to their metallic forms. This decision was made with the goal of maintaining the 
surface morphology of the particles during the heat treatment.   
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SEM images of modified graphite felts are shown in Figure 4.2.  
 
Figure 4.2. FE-SEM images of A. Pristine graphite felt, B. Air-treated graphite felt, C. 
Method I felt, D. Method II felt, E. Method III felt, F. EDX image of cycled Method 
III felt with corresponding spectra. There were no obvious the optical differences can 
be observed in images A and B, but clear particle formation in images C, D, and E. 
Particles tended to be randomly distributed and optically similar. EDX shows lead-
based particles on the surface of a felt after cycling, and identifies C, Pb, and O as 
major elements in the system. 
There are few noticeable differences between the Pristine and Air-Treated felts. The 
felt from Method I (no post treatment) shows the formation of a reasonable density of 
nanoscale lead hydroxide particles. The particles tend to be randomly dispersed on the 
surface of the felt, and vary in size. Figure 4.2D shows felt made using Method II 
(Argon heat-treatment). The density of particles on the surface of the felt seems to be 
slightly higher, with the particles still varying in size. Figure 4.2E shows felt made 
using Method III (H2/Argon heat-treatment). There seems to be a reasonably high 
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density of particles on the surface of this felt as well, with a greater fraction of large 
particles. These images were chosen to represent each case, as they were deemed 
representative of each sample on the whole, although some spatial variation in particle 
distribution was observed. Figure 4.2F shows EDX imaging and spectra from a piece 
of Argon-treated graphite felt (Method II) that has been through 100 cycles in the 
VRB. It is important to notice that there is still a high distribution of lead-based 
particles on the surface of the felt, despite exposure to shear from electrolyte 
convection. This is in contrast to some other metal and metal oxide electrocatalyst 
systems that have been previously investigated, in which the particles have a poorer 
adherence to the surface of the felt. The EDX spectra indicate the presence of carbon, 
oxygen, and lead. Interestingly, there is very little sulfur detected in the sample, 
suggesting that the lead-based particles have minimal formation of lead sulfate, and 
exist only in lead oxide forms, even after cycling. This claim can only apply to the 
depths at which EDX probes, which tends to be on the micron scale. XPS gives more 
information about the surfaces, and the nanometer depth. Additional EDX images can 
be found in Figure 4.S1. In general, the density and visual appearance of the particles 
from the different synthetic methods tend to be similar, as is expected. The total mass 
of lead on the surface of the graphite felts should be very similar due to the use of the 
same initial processing steps to create the starting lead hydroxide particles. XRD 
analysis was conducted on collected particles in order to probe the corresponding state 
of oxidation from each method. Figure 4.3 shows XRD spectra for Methods I through 
III.  
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Figure 4.3. XRD spectra of particles on the felts created using Methods I, II, and III. 
Residual particles were collected during synthesis and exposed to the same conditions 
as the felts before analysis. Method I (No Post Treatment) shows the formation of 
Pb(OH)2 and compounds of the like, Method II (Argon) shows the formation of α-PbO 
and various non-stoichiometric ratios of PbOx, Method III (H2/Argon) shows the 
formation of both α-PbO and β-PbO. A version of this figure including the formation 
of metallic lead from further reduction treatments is found in Figure 4.S2. 
 
Method I shows very little coherent crystal structure, and appeared to be more of an 
amorphous solid powder, in the form of Pb(OH)2 and Pb(NO)3OH. Previous work has 
shown that the speciation from purported Pb(OH)2 solids is likely more complex than 
stated, but this rather simplistic assignment was deemed adequate for these purposes.71 
Spectra of particles from Method II showed much more clear crystal structures, 
predominantly in the form of tetragonal α-PbO (known commonly as litharge) and a 
non-stoichiometric lead oxide compound, identified most closely as PbO1.44.72 Various 
ratios of oxygen to lead content are common in lead oxide compounds, and the 
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resulting oxygen vacancies have been exploited for their electron-conducting 
properties in other applications.73 The Argon heat-treatment partially reduced the 
former Pb(OH)2 species into primarily oxide forms. Spectra from Method III 
(H2/Argon) show that some α-PbO still exists in the sample. The other known 
polymorph of lead monoxide, orthorhombic β-PbO (commonly known as massicot), is 
also found in the sample.72 No other oxides were observed, and no metallic lead was 
observed, despite the more reducing environment. Further testing at more elevated 
H2/Argon heat-treatment temperatures times was explored, and XRD results confirmed 
that the majority of particles had converted to metallic lead in these cases (see Figure 
4.S2).74 However, the results from these tests were unimpressive compared to the 
performance from their lead oxide counterparts (see Figure 4.S3) in terms of energy 
efficiency and stability over time. This could be in part due to loss of surface area 
during heat-treatment due to particles melting, but warrants further investigation. X-
ray Photoelectron Spectroscopy (XPS) was used to more accurately quantify the 
elemental distribution and bonding environment on the surface of the graphite felt. 
These data are shown in Figure 4.4.  
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Figure 4.4. High-resolution XPS survey scan showing the five different felts tested in 
this study. Lead peaks are identified; the Pb 4f is of particular interest. 
All felts analyzed showed C 1s and O 1s peaks. It is quite clear that each of the 
methods using lead treatments also show a series of Pb peaks, as indicated on the 
figure. The peak used for analysis of the different types of lead bonding observed was 
the Pb 4f peak. This peak appears as a doublet due to spin orbital splitting, as Pb 4f7/2 
and Pb 4f5/2.76 The Pb 4f7/2 peak was used for analysis in each of these samples. Figure 
4.5 shows XPS spectra of this peak in each of the samples both before and after 
cycling in the VRB.  
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Figure 4.5 XPS spectra of the Pb 4f7/2 peak observed in felts created with the three 
post treatment methods, before and after cycling in the VRB. A. Method I, uncycled; 
B. Method II, uncycled; C. Method III, uncycled; D. Method I, cycled; E. Method II, 
cycled; F. Method III, cycled. Uncycled XPS spectra support XRD results. Cycled 
XPS show some conversion of original species to new species, mainly PbSO4. 
 
Figure 4.5A shows the major Pb(OH)2 peak is found at about 138.5 eV, while Figures 
4.5B and 4.5C show a PbO peak at 138.6 eV.77 These peaks are very similar in 
position, however the previous XRD analysis supports these assignments. The α-PbO 
and β-PbO peaks were deemed to close in position to reasonably deconvolute, and 
were lumped into a single PbO peak. After cycling, the samples were removed from 
the VRB, were gently rinsed with DI water to remove the electrolyte, and were dried 
at low temperature in a vacuum oven. Figure 4.5D shows that there is likely still some 
lead in the form of Pb(OH)2, although some seems to have oxidized to form PbO2. A 
large fraction of the lead compounds that were originally on the surface in this sample 
were no longer detected after cycling, which may explain the performance of this 
sample. It could also indicate that Pb(OH)2 is somewhat soluble in sulfuric acid, and 
dissolved into the electrolyte during the cycling process. Figure 4.5E shows that after 
cycling, the Pb 4f7/2 peak has shifted to slightly higher binding energies. This peak was 
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deconvoluted into PbO (138.5 eV) and PbSO4 (139.5 eV) peaks, as per literature 
references.78 The deconvolution indicates that about 44% of the PbO on the surface of 
the felt has been converted to PbSO4. This result should again be examined with 
caution, as this pertains to only the first few nanometers of penetration depth that XPS 
analysis allows. Figure 4.5F shows that the peak from the felt from Method III has 
shifted to even higher binding energies after cycling. It is thought that this represents a 
greater conversion of PbO to PbSO4, about 68%. The main difference between 
Methods I and II (according to XRD) was the state of oxidation from the post-
treatment. This indicates that more reduced samples (such as those from Method III) 
may be more susceptible to sulfation in the environment of the VRB, especially over 
long exposure times.75 Cyclic voltammetry was conducted to test the electrochemical 
effects of the various lead-based particles on the relevant VRB reactions. Figure 4.6 
shows the CV of the different graphite felts in the anolyte at a potential scan rates of 
10, 20, 30, and 50 mV/s. 
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Figure 4.6. Cyclic Voltammetry testing of the five felts of interest. The anodic 
vanadium reaction was probed at scan rates of 10, 20, 30, and 50 mV/s. Data presented 
by individual felt type can be found in Figure 4.S4. 
 It can be seen that Pristine felt has very poor kinetics, due to the hydrophobicity and 
lack of surface sites available for reaction. The Air Treated felt improves upon the 
Pristine felt, as demonstrated by a large increase in the peak maxima for both the 
oxidation and reduction reactions in the anolyte. The graphite felt synthesized using 
Method I shows a limited impact on the vanadium reactions compared to the Air 
Treated felt. The peak separation is lowered marginally, likely due to the additional 
hydrophilic reaction sites from the lead hydroxide particles on the surface of the felt. 
The felt using Method II (Argon) shows a clear improvement on the Air Treated felt. 
At 10 mV/s, the peak potential separation is decreased from 560 mV in the Air 
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Treated case to 479 mV in the Argon-treated case. This is a clear indication of 
enhanced electrochemical activity due to the presence of the PbO particles. Both the 
oxidation and reduction reaction peak heights have also increased as a result of the 
treatment. The results from Method III (H2/Argon) are quite interesting, as the 
maximum peak potentials are actually quite similar to the Air Treated results, but 
show peak heights comparable to those seen in Method II. The higher peaks are 
attributed to the increase in surface area from the crystalline particles formed during 
the treatment. However, there is a minimal drop in the overpotential provided by the 
particles, despite being only marginally chemically different than the particles from 
Method II. This subtle but important difference is attributed to the lower band gap (1.9 
eV) in the α-PbO polymorph that primarily makes up the sample from Method II, as 
compared to the higher band gap (2.8 eV) in the β-PbO that is found in the sample 
from Method III.79,80 Electrical conductivity information from the various non-
stoichiometric phases of of PbOx is not known, but in general the phases of lead oxide 
with higher degrees of oxidation tend to have lower band gaps.80 This information 
must be balanced with the expectation that polymorphs of PbO2 will be too easily 
reduced to Pb2+. The vacancies provided by the non-stoichiometric phases of PbOx 
(where 1 < x < 2) confirmed from XRD of samples from Method II could also provide 
greater electron mobility during cycling of the VRB. In any case, the observed 
currents from both the oxidation and reduction reaction are noticeably higher with 
either form of PbO. These results indicate high electrochemical activity and 
reversibility of the anodic reaction with the use of Methods II and III, with samples 
from Method II showing the most favorable results. 
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In order to better understand the diffusive characteristics of the vanadium species in 
the presence of graphite felt from each of the treatment methods, the Randles-Sevcik 
equation was used to plot the CV peak current density versus the square root of the 
potential scan rate.81 The resulting plots are shown in Figure 4.7 and were plotted 
based on Equation 9: 
       (9) 
where ip is peak current (A), n is number of electrons transferred (1), A is electrode 
area (cm2), Do is the apparent diffusion coefficient (cm2/s), Co* is the bulk electrolyte 
concentration (mol/cm3), and  is the potential sweep rate (V/s). The apparent 
diffusion coefficients for the different felts in the anolyte are tabulated in Table 1.  
 
Figure 4.7. Plots of Peak Current (measured from CV testing) vs. potential scan 
rate1/2. Data was plotted to calculate effective vanadium ion diffusion coefficients in 
the presence of the different felts. 
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The mass transfer of the oxidation reaction is not greatly impacted by the treatments 
from Methods II and III compared to the Air Treated felt. The reduction reaction, 
however, shows clear differences in the diffusion coefficients of all three of the 
methods investigated. There is a marginal improvement from Method I, a more clear 
improvement from Method III, and a diffusion coefficient that is nearly double that of 
the Air Treated felt from Method II. All of these modifications are indicative of an 
improvement in the surface properties of the felts for the vanadium redox reactions. 
Electrical Impedance Spectroscopy (EIS) was performed in a 3-probe cell using each 
of the modified felts as a working electrode. These data (Figure 4.8) are consistent 
with the results from the CV testing, showing an apparent decrease in charge transfer 
resistance from felts made with all three post-treatment methods, when compared to 
the Air Treated felt. The felts from Methods I and III showed similar Ohmic 
resistances (first intercept with the x-axis), and both were lower than the Air Treated 
felt. This is explained by an improvement in the hydrophilicity of the felt due to the 
lead-based particles covering the surfaces. This improvement in Ohmic resistance is 
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even more pronounced with the felt from Method II, which again is attributed to a 
drop in the contact resistance of the solution to the felt. 
 
Figure 4.8. EIS spectra comparison of the felts of interest in the vanadium electrolyte. 
To test the actual performance of these felts in a VRB, the felts were assessed in single 
cell tests. Each test consisted of a series of charge-discharge cycles at increasing 
current densities to measure the discharge capacities and coulombic, voltaic, and 
energy efficiencies. The current densities tested ranged from 50 mA/cm2 to 200 
mA/cm2, increasing by increments of 25 mA/cm2. The coulombic efficiencies were 
fairly similar, regardless of treatment, as seen in Figure 4.9A.  
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Figure 4.9 Results of ramping study of different graphite felts at increasing current 
density. Each current density increment lasted 5 cycles. A. Coulombic efficiency 
comparison, B. Voltaic efficiency comparison, C. Energy efficiency comparison, D. 
Discharge capacity comparison. 
One noteworthy observation was that the coulombic efficiencies from the felt treated 
using Method III (H2/Argon) were consistently lower than the other cycles tested. This 
implies that there exists some sort of change in the electrode that is contributing to the 
charge capacity, but is not contributing to the discharge capacity during each cycle. 
Each charge cycle imposes a reducing environment in the anode, thus it would follow 
that some small amount of the lead oxide particles in the sample from Method III are 
being reduced to a new state upon charging, but are not re-oxidized upon discharging. 
It is believed that some of the β-PbO is reduced to metallic lead, which is not re-
oxidized to a form of lead oxide, at least electrochemically. It is more likely that any 
metallic lead formed will react chemically with the sulfuric acid electrolyte, forming 
lead sulfate, and will not contribute to discharge capacity and corresponding 
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coulombic efficiency. None of the other samples examined seemed to exhibit this 
behavior. In all samples tested the coulombic efficiency increased as a function of 
current density, as expected, likely due to shorter cycle times, which limits the time for 
diffusive vanadium ion crossover through the membrane.  The voltaic efficiencies 
(Figure 4.9B) more clearly demonstrate the differences between the various post-
treatment methods. Both Pristine GF and Air-treated GF were limited in their 
performance, as has been frequently demonstrated. When the graphite felt from 
Method I was used in the anode, the current density range was extended to 150 
mA/cm2 at a voltaic efficiency of 73.0%. The felt from Method III (H2/Argon) 
improved upon this result, further extending the current density range to 200 mA/cm2 
at a voltaic efficiency of 69.2%. Finally, the most impressive result was demonstrated 
by the case using the felt from Method II (Argon), which showed a voltaic efficiency 
of 77.2% at 200 mA/cm2. In the cases of both Method II and Method III, the current 
density was limited by the capabilities of the setup, and both are expected to be able to 
perform at even higher current densities. The trends seen in these data further confirm 
the results from preliminary electrochemical testing. The corresponding energy 
efficiencies (Figure 4.9C) show similar trends to the voltaic efficiencies, with the 
performance of the felt from Method II exhibiting an improvement in energy 
efficiency of over 20% when compared to the Air Treated felt and nearly 27% when 
compared to the Pristine felt at 50 mA/cm2. Figure 4.9D shows the discharge 
capacities for each of these ramping studies. The discharge capacities correspond well 
with the efficiency data. A sample set of charge-discharge curves can be seen in 
Figure HHH. 
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Figure 4.10 Sample set of charge-discharge curves of the five felts tested at 50 
mA/cm2. 
 It should be noted again, that despite a very minor difference in post-treatment, the 
sample from Method II showed a discharge capacity that was over 60% greater than 
the sample from Method III at 200 mA/cm2. This is a remarkable difference in 
performance. The capacity retention of the VRB using each of these felts was 
measured using cycling tests at a current density of 50 mA/cm2. These data (Figure 
4.11A) show that the felt from Method II has a capacity retention of 93.49% over 25 
cycles, compared to 92.40% (Method III) and 92.53% (Method I). All of these 
retention rates were higher than the Air Treated case (84.21%) and the Pristine case 
(58.59%). Figure 4.11B shows the corresponding Voltaic Efficiency over the same 
cycling period. The felt treated using Method II (Argon) exhibits extremely high 
voltaic efficiency retention at 99.79%. This equates to a very low voltaic efficiency 
decay rate of 0.0084% per cycle. The felts treated using both Method I and Method III 
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also display impressive voltaic efficiency retention at 95.27% and 96.47%, 
respectively. All of these results outperform that of the Air Treated felt, at 93.97%. 
This difference in decay rates may be attributed to relative instability of hydroxyl 
groups on the surface of the graphite felt as compared to more chemically stable metal 
oxide particles. This also demonstrates that there is minimal impact on performance 
from loss of particles from the surface of the felt due to convection. SEM images of 
the felts before and after cycling can be found in Figure 4.S5. 
 
Figure 4.11 Cycling Stability Studies of the various felts. A. Discharge capacity 
retention over 25 cycles; B. Voltaic Efficiency retention over 25 cycles. 
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 In an effort to probe the effects of concentration of Pb(NO3)2 on the performance of 
the VRB, felts were synthesized using Method II with masses of 0.05g and 0.2g 
Pb(NO3)2, in addition to the original case of 0.1g Pb(NO3)2. SEM images from all 
three of these loadings are shown in Figure 4.12. 
 
Figure 4.12. SEM images of felts created using Method II with Pb(NO3)2 loadings of 
A. 0.05g; B. 0.10g; C. 0.20g per 1.0g of graphite felt. 
 The visual difference in PbO loading is quite apparent between the three samples. The 
different loadings were assessed using the same efficiency and capacity retention 
metrics as previously described, and are presented in Figure 4.13. 
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Figure 4.13 Results of ramping study of felts created using Method II with various 
loadings of Pb(NO3)2, at increasing current density. Each current density increment 
lasted 5 cycles. A. Coulombic efficiency comparison, B. Voltaic efficiency 
comparison, C. Energy efficiency comparison, D. Discharge capacity comparison. 
 The coulombic efficiencies from the various felts are predictably similar. The voltaic 
efficiencies are clustered together throughout cycling, but indicate that the original 
case tested with a loading of 0.10g Pb(NO3)2 seems to have the most impressive 
performance. The loading of 0.20g Pb(NO3)2 seems to perform marginally better than 
the case with 0.05g Pb(NO3)2. All of the tested samples were able to reach a maximum 
current density of 200 mA/cm2, and the energy efficiencies of all loadings were higher 
than any of the other original methods investigated. This is further evidence of a clear 
difference in performance using the post-treatment from Method II as compared to the 
other methods.  
4.4. Conclusions 
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 A series of graphite felts with lead-based particles were synthesized for use in the 
anode of a VRB. Different post-treatments provided chemically unique starting 
configurations in an effort to see the impact of their various chemistries on the 
performance of a single cell VRB. It was found that the case which comprised mainly 
of tetragonal α-PbO and other non-stoichiometric forms of PbOx showed the best 
performance, with major improvements in energy efficiency, current density range, 
and discharge capacity. The case comprising of both α-PbO and β-PbO also 
performed quite well. Both cases showed some conversion of PbO to PbSO4 during 
cycling, although this had a remarkably minimal impact on the overall performance. 
This indicates that either the premise that PbSO4 would be detrimental to the 
performance was incorrect, or that the mechanism of improvement in this system is a 
stronger function of particle surface area than of chemical structure and electrical 
conductivity. Sulfate groups have been shown to be beneficial to vanadium reduction 
kinetics in other studies, and they may still be useful to some lesser extent than the 
different forms of PbO. These results suggest that additional studies using aqueous 
hybrid vanadium and lead battery systems may be worth investigating, as they share 
many similar characteristics which could lead to interesting synergies. In conclusion, 
lead-based particles provide an interesting means to create electrocatalyts that greatly 
improved the overall performance of an aqueous vanadium redox flow battery. 
 
4.5 Supporting Information 
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Figure 4.S1. EDX images of cycled felt from Method III. A. SEM and Pb mapping; 
B. SEM and C + Pb mapping; C. SEM and C + O mapping; D. Only C + Pb mapping. 
Pb is shown in orange, C in blue, and O in green. 
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Figure 4.S2. XRD spectra showing felts from the three methods, in addition to a felt 
heat-treated under H2/Argon at 600C for 2 hours. The spectra from this felt showed 
that most of the PbO species had reduced to metallic Pb. 
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Figure 4.S3. Energy efficiency from ramping study of felts, including a felt with 
mainly metallic Pb particles formed after post-treatment at 600C under H2/Argon. The 
case with metallic Pb is able to extend to a high current density, but at a lower energy 
efficiency when compared to the PbO counterparts. 
 
Figure 4.S4. CV data compared for potential scan rates of 10, 20, 30 and 50 mV/s in 
anolyte using A. Air-Treated felt, B. Method I felt, C. Method II felt, D. Method III 
felt. 
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Figure 4.S5. SEM images of felts made using Method II, both A. uncycled and B. 
cycled. 
 
Figure 4.S6. A. Photo of VRB single-cell setup. B. Schematic of VRB single-cell 
setup. 
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CHAPTER 5 
 
MEMBRANE SYNTHESIS FOR METAL-FREE REDOX FLOW BATTERY 
SYSTEMS: PRELIMINARY STUDIES AND FUTURE PERSPECTIVES 
 
 
5.1. Introduction 
For the past few decades, the majority of research on redox flow batteries has focused 
systems that rely on solubilizing metal salts in either aqueous or organic solvents. This 
push has yielded a large variety of redox flow battery chemistries, nearly all focused 
on harnessing power from the reduction and oxidation of metals with multiple 
oxidation states. This was a practical starting point for the field, as the chemistries 
were reasonably simple and predictable, and the materials easy to acquire and test. 
However, there are questions about the long-term viability of this class of redox flow 
batteries. These potential pitfalls can be categorized into two major issues: 
sustainability and cost. 
 
5.1.2 Sustainability Issues with Metal-Based Redox Flow Batteries 
There are long-term sustainability issues associated with many types of metal-based 
battery systems. There is an inherent supply issue associated with mining large 
quantities of any type of element. Metal-based redox flow batteries often require many 
tons of elements such as V, S, Zn, Fe, Cr, Cu, Ni, Mn, and others. The acquisition of 
these amounts of pure metal salts is often not only costly, but environmentally 
damaging and practically challenging.1-8 The geographic regions in which the 
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elements are naturally found may not be conducive to long-term mining operations. 
There are limited easily accessible metal resources to employ for these types of 
batteries. This information has caused researchers to look for more sustainable 
alternatives in recent years. 
 
5.1.3 Cost Issues with Metal-Based Redox Flow Batteries 
Nearly every type of redox flow battery has similar fixed costs: electrolyte materials, 
electrode materials, pumping costs, and others are somewhat unavoidable in this type 
of technology. One of the main costs, however, is the cost of the ion-exchange 
membrane that separates the anolyte and catholyte containers. The performance of this 
membrane is critical to the success of most redox flow batteries, as this membrane 
must play a unique role in separating specific types of metal ions, while allowing for 
rapid transport of charge-balancing ions, often protons from supporting acids. These 
membranes must be robust – withstanding contact with corrosive acids and salts for 
months or years, resisting deformation from electrolyte convection, and maintaining 
their basic structure without swelling or shrinking. The solution that has been 
employed thus far has been to use costly perfluorinated sulfonated ion-exchange 
membranes, such as those in the Nafion family of membranes. This choice was made 
due to the reliability of these membranes in acidic environments, and the high proton 
conductivity exhibited when these membranes are in their hydrated forms. A large 
body of work has been investigated in order to create less expensive versions of these 
membranes. Much of this work has focused on using inexpensive bulk polymers and 
utilizing a variety of processing techniques to make microporous or nanoporous 
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membranes with morphologies that are suitable for redox flow battery applications. 
Many of these methodologies have been successfully used to make membranes for 
other applications in the past, such as filtration membranes, porous battery separators, 
and dialysis membranes. These approaches have only found limited success when 
used with most metal-based redox flow battery systems. This is due to the inherent 
difficulty in separating ions of very similar sizes over long periods of time. For 
instance, the ionic radius of a vanadium ion is between 50 pm and 80 pm, depending 
on oxidation state, whereas the effective ionic radius of a hydrogen ion is about 10 pm. 
While the vanadium ion is a few times larger than the hydrogen ion, both are quite 
small. This leads to an inherent challenge in membrane design for metal-based redox 
flow batteries: design a very precise membrane at a high production cost, or design an 
acceptable membrane and realize that there will be capacity losses via electrolyte 
diffusion through the membrane. A more appealing reality would involve a greater 
difference in ionic size between the electroactive material and the supporting counter-
ion.  
 
5.2. Metal-free Battery Systems 
The past few years has seen the rapid discovery and development of metal-free redox 
flow battery systems. These systems use the same original principles as metal-based 
flow battery systems, save for the fact that the electroactive material does not contain 
any metal. Most electroactive materials are completely synthetic, in that they are often 
small aqueous-soluble organic molecules that can be readily synthesized at large 
scales. The most promising systems of this new class of batteries are quinone-based 
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redox flow batteries. These batteries are a much newer technology compared to VRBs, 
as is shown in Figure 5.1, a plot of publications found on Web of Science with the 
phrase “quinone redox flow battery” in the title shown by year of publication. 
 
Figure 5.1. A plot generated by searching Web of Science for the number of articles 
containing the phrase “quinone redox flow battery” in their title, shown by year of 
publication. 
 
These molecules were originally discovered as parts of the electron transport chain in 
photosynthetic processes, however they have been created synthetically at scale for 
other applications as well. These compounds consist of one or more aromatic rings, 
with at least one C=C bond converted to a C=O bond. This C=O can be reduced to a 
C-OH bond, and re-oxidized back to a C=O with some degree of reliability. Based on 
the conjugation site of the oxygen group on the ring, the standard reduction potential 
will change. Different versions of these compounds can be used simultaneously to 
create a battery. An example of two compounds that can be used together in a Metal-
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free redox flow battery are anthraquinones and benzoquinones. Versions of these 
molecules are shown in Figure 5.2. 
 
Figure 5.2. An example of a possible coupling of quinones for use in a metal-free 
redox flow battery. 
 
 The upsides of these types of batteries are their renewability, and potential for very 
high current densities. The organic nature of the electroactive material is conducive to 
use with hydrophobic graphite felts, and difficulties with the kinetics of reaction have 
not been observed. The challenges of this chemistry are similar to some metal-based 
systems. These batteries typically have even lower nominal cell voltages than many of 
the metal-based systems. This implies even lower power densities than with many 
metal-based systems. See Figure 5.3 for CV curves using the molecules shown in 
Figure 5.2, dissolved in 1M H2SO4 at concentrations of 0.2M. 
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Figure 5.3. Cyclic Voltammetry of 0.2M concentrations of 1,4-Benzoquinone and 
Anthraquinone-2,7-disulfonic acid dissolved in 1M H2SO4. Scan rate of 10 mV/s. 
 
 Because the quinones must be chemically different to build up a potential, any 
crossover through the membrane results in permanent capacity losses, rather than 
temporary losses as seen in the VRB. There are also issues with energy density due to 
the relatively low solubility of organic molecules in aqueous solvents. The membrane 
used in these systems still tends to be a type of Nafion membrane. While these 
membranes still work well for this application, they add substantially to the total cost 
of the battery. 
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5.3. Membrane Synthesis for Metal-free Battery Systems 
The advent of newer metal-free flow battery systems opens the door for new uses for 
existing membrane technology. The molecules involved in these systems are much 
larger than metal salts, and thus the need for very precise membranes is less important 
for the battery to cycle efficiently.  Methods of microporous membrane synthesis have 
had limited success in many metal-based redox flow battery systems, but have the 
potential to be used in metal-free systems. One membrane synthetic method that could 
be a useful is using phase inversion of bulk polymers to create microporous and 
mesoporous coatings on existing porous membranes. In this method, an inexpensive 
porous substrate is coated with a thin layer of polymer solution. The coated assembly 
is then submerged in an antisolvent, the function of which is to rapidly precipitate the 
polymer coating out of solution, and onto the surface of the substrate. This method 
causes the rapid formation of a thin layer of polymer with a uniform pore structure. 
This pore structure can then be tuned with the addition of additives, such as 
surfactants, ceramic precursors, and other hydrophilic media. These additives can help 
aid in the hydrophilicity of the system, while affecting the nature of the pore formation 
in the membrane. A schematic of this process using polyvinylidene fluoride as a 
sample system is shown in Figure 5.4. The process outlines various methods of the 
coating process, including dip coating, spin coating, and spray coating. Each of these 
methods can make coatings at various levels of scalability. 
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Figure 5.4. Schematic of polymer coating process (step I), followed by a phase 
inversion in an antisolvent (step II). Right panel shows an SEM image of a sample 
coating on a porous substrate separator. 
 
This process could help reduce the costs of using a metal-free redox flow battery 
system, while having a limited negative impact on the overall performance of the 
battery. As research on metal-free redox flow batteries begins to progress, inexpensive 
microporous membranes could be a valuable asset for the widespread adoption of 
these systems. 
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CHAPTER 6 
 
SUMMARY AND FUTURE WORK 
 
Aqueous redox flow batteries are compelling candidates for use in large-scale energy 
storage systems. Their long life cyclability and recyclability have the potential to 
complement renewable electricity generation for many years at a time. Vanadium 
redox flow batteries are arguably one of the most mature forms of this technology, and 
many of the technical issues are in the process of being addressed. It has been 
demonstrated that the power density of a VRB can be improved through reasonably 
simple and inexpensive membrane and electrode modifications, alterations that can 
lead to prodigious cost savings at full scale. Highly conductive carbon materials can 
serve as a useful template from which high surface area and excellent electrical 
conductivity can be coupled to improve vanadium redox reaction rates. Both metals 
and metal oxides can also address this issue, acting as solid electrocatalysts that can 
improve the kinetics of the anodic vanadium reaction. The wettability of the electrodes 
is also an important consideration, and the inclusion of heteroatoms and oxygen-rich 
functional groups clearly can have a major positive impact on the reaction rates of the 
vanadium redox reaction. More recent work has shown that aqueous organic redox 
flow battery systems have shown great promise, with a large variety of molecular 
options available for testing and discovery. There is an opportunity to reduce the 
barrier to entry for market acceptance by using coated microporous membranes in 
these batteries. It would also be worth investigating hybrids of these systems, and 
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perhaps membrane-less systems, in which the electrolytes separate based solely on 
solubility. In all of these systems, the primary goal is to reduce internal resistances in 
the battery setup, thus minimizing both solvent and membrane resistances is likely the 
next step in the progression of these batteries. There are inherent difficulties in this 
regard, however success in these research directions could make truly major strides in 
making aqueous electrochemical flow systems more energy dense.  
